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KEY WORDS Abstract  Alzheimer’s disease (AD), characterized by -amyloid (AB) aggregation and neuroinflamma-
tion, remains a formidable clinical challenge. Herein, we present an innovative nose-to-brain
delivery platform utilizing lactoferrin (Lf)-functionalized lipid nanoparticles (LNPs) co-encapsulating
a-mangostin (a-M) and §-site APP cleaving enzyme 1 (BACE1) siRNA (siB). This dual-modal therapeu-
tic system synergistically combines the neuroprotective and microglia-reprogramming capabilities of
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a-Mangostin; «-M with the transcriptional silencing of BACE]1 via siB, thereby simultaneously inhibiting A@ produc-
B-Site APP cleaving tion and enhancing its clearance. Fabricated via a microfluidic approach, the LNPs exhibited uniform

enzyme 1; particle size distribution, great encapsulation efficiency, and robust colloidal stability. Upon intranasal
Targeted delivery; administration, Lf-functionalization enabled superior brain-targeting efficacy through receptor-
Synergistic therapy mediated transcytosis. In vitro studies demonstrated that «-M reversed AB-induced low-density lipopro-

tein receptor downregulation, promoting microglial phagocytosis and autophagic degradation of AQ,
while siB effectively suppressed BACEI expression, abrogating A synthesis. In vivo investigations in
APP/PS1 transgenic mice revealed remarkable cognitive recovery, substantial A@ plaque reduction,
and alleviation of neuroinflammation and oxidative stress. This intricately designed LNP system, exploit-
ing a non-invasive and efficient nose-to-brain delivery route, provides a biocompatible, synergistic, and
transformative therapeutic strategy for the multifaceted management of AD.
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1. Introduction

Fueled by the extended life expectancy, AD has emerged as a
major public health concern with a sharp rise in its global
prevalence, contributing to significant medical and financial bur-
dens'". Constrained by modest symptomatic relief and a narrow
target population, current clinical AD treatments are of limited
benefit*>. In AD pathogenesis, accumulated A plaque is a
leading hallmark, which induces inflammation and triggers
neuronal toxicity®®. Recent approvals of Aducanumab and
Lecanemab manifested the feasibility of A(-associated macro-
molecular therapeutics, on account of superior target precision,
disease-modifying potential, and less off-target effect™*''. How-
ever, both the unsatisfactory clinical outcomes and non-negligible
adverse events underscored the imperative demands for more
effective and safer AD remedies”'*"?,

Compared to the aforementioned monoclonal antibodies,
nucleic acid-based genetic drugs, such as siRNA, can directly
reprogram the central dogma of biology to prevent and treat dis-
eases'®. For instance, the first approved siRNA drug, Onpattro
(patisiran), targets and degrades the messenger RNA of trans-
thyretin, mitigating the production of misfolded proteins in
hereditary transthyretin-mediated amyloidosis'>'®.  Similarly,
B-site APP cleaving enzyme 1 (BACE1) plays a crucial role in the
formation of A plaques, which can be silenced via BACEI
siRNA (siB), thus obstructing the onset of subsequent cascades
such as neuroinflammation and neurodegeneration in the early
phase of AD'"°, In addition, for AD patients suffering from the
advanced stage, it is also indispensable to clear existing AS pla-
ques and modulate the inflammatory brain microenvironment®'*,
a-Mangostin («-M) is a natural polyphenolic compound, exhib-
iting a potent antioxidant activity to alleviate oxidative stress and
shield neurons from further damage. Besides the anti-
inflammatory effect, «-M also possesses the capability to upre-
gulate low-density lipoprotein receptor (LDLR) expression in
microglia to facilitate A uptake and reprogram metabolism in the
disease-associated microglial to holistically rejuvenate A clear-
ance capacity®>**. Therefore, the combination of siB and a-M is
anticipated to be a thorough AD regimen that encompasses the full
spectrum of AD stages. Nevertheless, siRNA is a negatively
charged macromolecule, and «-M is lipophilic, both of which are
highly susceptible to degradation when exposed to the blood-
stream. Therefore, the urge for optimized drug delivery platforms
is elemental, thus realizing better stability, greater biodistribution
to the desired site of action, and implementing the full potential of
this combination therapy.

Following the prominent success garnered by COVID-19
mRNA vaccines, ionizable cationic LNP has emerged in the
limelight for nucleic acid therapeutic delivery*>2°. LNP is the
most clinically state-of-the-art non-viral gene delivery platform,
featuring outstanding delivering potency, biocompatibility, and
the capability for repeated administration, which favors
clinical translation®”*. At the same time, due to the lipid
vesicle structure, LNP is also eligible for encapsulating lip-
osoluble small-molecular therapeutics such as «-M, thereby
becoming an optimal selection to load and deliver siB and «-M

simultaneously. However, upon intravenous injection, the
adsorption of proteins in the blood and the formation of protein
corona leads to the liver tropism of LNP*-2. Consequently,
intranasal administration surpasses conventional intravenous
routes by offering a non-invasive, efficient, and direct pathway to
the brain, circumventing the BBB and ensuring enhanced patient
compliance'®*¢, Drugs administered intranasally can traverse
the trigeminal and olfactory nerve pathways, utilizing axonal
transport to further extend to the olfactory bulb and brain
stem, guaranteeing high bioavailability, expeditious onset of ac-
tion, improved patient compliance, and reduced systemic
toxicity>**7*°. To prolong residence time and carry out higher
brain entry efficiency, it is of great necessity to tailor specific
targeting moiety on the surface of LNP, which is viable due to the
manifold functional groups offered by lipids®®***?. Given that the
lactoferrin (Lf) receptor is upregulated in both respiratory
epithelial cells and neurons for AD patients, Lf is exploited to
embellish LNP to accomplish dual targeting****¢. Overall, engi-
neering an LNP modified by Lf to simultaneously deliver «-M and
siB (a-M/siB@L-Lf) via a nose-to-brain route represents a
groundbreaking paradigm of AD therapy. More significantly,
supplementing with mucolytic agents such as N-acetyl cysteine
(NAC) was critical for improving the permeation by dissolving
mucus and enhancing the targeting efficiency of nose-to-brain
delivery®”*!.

Herein, the nose-to-brain targeted «o-M/siB@L-Lf was
contrived and co-administered with NAC («-M/siB@L-Lf + N) to
scavenge A in a two-pronged manner for AD treatment
(Scheme 1). Following intranasal administration, Lf-conjugated
LNPs were delivered to the brain and then neurons via clathrin-
mediated endocytosis***’. Upon release from the nanoparticles,
a-M and siB synergistically target AG pathology through distinct
yet complementary mechanisms, curtailing its generation while
facilitating its elimination. /n vivo and in vitro data validated the
synergistic potency of a-M/siB@L-Lf, triumphantly achieving the
remodeling of abnormal lesion microenvironment and the rescue
of cognitive loss. Collectively, this nanosystem represented a
significant advancement, merging an innovative delivery route
with a synergistic therapeutics strategy to address the multifaceted
pathology of AD.

2. Materials and methods

2.1.  Materials

SM-102, DSPC, and DMG-PEG,q,, were obtained from AVT
Pharmaceutical Tech Co., Ltd. (Shanghai, China). Cholesterol and
NAC was purchased from Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China). DSPE-PEG,py-Mal was purchased from
Yusi Medical Technology Cable Co., Ltd. (Chongqing, China). 2-
Iminothiolane hydrochloride, lactoferrin (from bovine milk), and
a-mangostin were all available from Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). The BACE1 siRNA (sense:
GCUUUGUGGAGAUGGUGGATT, antisense: UCCACCAUC
UCCACAAAGCTT), negative control siRNA  (sense:
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Scheme 1
siB@L-Lf + N in AD. Created with BioRender.com.

UUCUCCGAACGUGUCACGUTT, antisense: ACGUGACA
CGUUCGGAGAATT), and Cy5-negative control siRNA were
purchased from Genemed Biotechnology Co., Ltd. (Chengdu,
China). Amyloid-@ (1—42) peptide (AS;—42) and FITC-amyloid-8
(1—42) peptide (FITC-AB1_4) were purchased from GL Biochem
Ltd. (Shanghai, China). Complete Dulbecco’s modified Eagle’s
medium (DMEM), trypsin-EDTA solutions, and fetal bovine
serum (FBS) were purchased from Gibco (USA). The anti-
BACEIl, anti-LDLR, anti-APP, anti-GAPDH, anti-3-tubulin,
anti-G-actin antibodies, and horseradish peroxidase-conjugated
goat anti-rabbit and goat anti-mouse IgG (H + L) secondary
antibodies were purchased from ABclonal Technology Co., Ltd.
(Wuhan, China). The anti-LC3B antibody was obtained from Cell
Signaling Technology, Inc. (USA). ELISA kits (BACE1 and
AQ1—4p) were purchased from Ruixin Biotechnology Co., Ltd.
(Quanzhou, China). Enzyme-linked immunosorbent assay
(ELISA) kits (IL-18 and IL-6) were purchased from BD Phar-
mingen (USA). All chemicals utilized were of analytical or
reagent-grade quality.

2.2.  Cell lines and animals

The BV-2, PC-12, and Calu-3 cell lines were obtained from
the Chinese Academy of Sciences Cell Bank (Shanghai,
China). Male C57BL/6 mice were provided by SPF Biotech-
nology Co., Ltd. (Beijing, China). Male APP/PS1 mice
were purchased from Changzhou Cavens Experimental Animal
Co., Ltd. All animals were raised under standard housing
conditions. All animal experiments were performed in accor-
dance with the guidelines laid down and approved by the
experimental animal management committee of Sichuan
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The fabrication of «-M/siB@L-Lf and the mechanism of two-pronged AB scavenging therapy of the intranasally administered «a-M/

University. The assigned approval/accreditation number was
KS2020420.

2.3.  Preparation of LNPs and Lf-LNPs

A microfluidic-chip device from Nexstar Nano Technology Co.,
Ltd. (Shanghai, China) was employed to fabricate the LNPs with
uniform particle size. The lipid ethanol phase contained a mixture
of SM-102, DSPC, cholesterol, DMG-PEG;qy,, and DSPE-
PEGjgpp-Mal at molar ratios of 42:13:43:1.5:0.5. siR was dis-
solved in 20 mmol/L sodium acetate (NaOAc) buffer (pH 4.0) to
compose the siRNA aqueous phase. The two phases were con-
nected separately to the corresponding syringes, and the volume
ratio of the organic phase to the aqueous phase was 1:3. The
resulting LNPs were obtained through rapid mixing of the two
channels of the chip at a total flow rate of 12 mL/min. The LNPs
were then ultrafiltered (MW = 10 kDa) three times to remove the
ethanol and replace the buffer with 1 x phosphate-buffered saline
(PBS) (pH 7.2).

For Lf decoration, Lf was first thiolated in reaction with a
5:1 M excess of 2-iminothiolane hydrochloride in 0.15 mol/L
sodium borate buffer (pH 8.0 supplemented with 0.1 mmol/L
EDTA) under nitrogen at room temperature for 1 h. Then, the
thiolated Lf was ultrafiltered (MW = 30 kDa) three times with
1 x PBS (pH 7.2) to remove excess 2-iminothiolane hydro-
chloride. The LNPs were mixed with previously prepared thio-
lated Lf and continuously reacted under nitrogen at room
temperature for 12 h. The Lf-decorated LNPs were ultrafiltered
(MW = 100 kDa) three times with 1 x PBS (pH 7.2) to remove
excess unreacted Lf.
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2.4.  Agarose gel electrophoresis assay

Agarose was dissolved in tris acetate/EDTA (TAE) buffer and
mixed with GelRed to form 2% agarose gel. Negative control
siRNA (NC) was encapsulated in LNP (NC@L) at 1:1, 2:1, 4:1,
8:1, 12:1, and 16:1 N/P ratios, respectively. The samples were
diluted in the loading buffer. The mixtures were separated via
electrophoresis for 20 min at 100 V. The gel was detected and
photographed using the UV illuminator.

2.5.  Cellular uptake

PC-12 cells were seeded in 12-well plates at a density of
4 x 10* cells per well. After achieving appropriate confluency, the
culture medium was removed and cells were washed with PBS
(pH 7.2) twice. Cy5-labeled NC encapsulated by LNPs (Cy5-
NC@L) and Lf-decorated LNPs (Cy5-NC@L-Lf) were diluted
in FBS-free medium at the same concentration of Cy5-NC were
added to the plates respectively and incubated for 0.5, 2, and 4 h,
respectively. Subsequently, the cells were washed three times with
PBS (pH 7.2), digested and dispersed in 0.4 mL PBS for flow
cytometry (FCM, Agilent NovoCyte, Palo Alto, USA). For fluo-
rescence imaging observation, PC-12 cells were planted into 12-
well plates covered with a round coverslip, and the administra-
tion protocol was consistent with the flow cytometry analysis.
After incubation, the coverslips were washed three times with
PBS, fixed with 4% paraformaldehyde, stained with DAPI solu-
tion (2 pg/mL) for 5 min, washed again, immersed in Antifade
Mounting Medium (Solarbio Life Science, Beijing), and ulti-
mately sealed for confocal laser scanning microscope (CLSM)
(Leica, DMi8, Weztlar, Germany) observation. Calu-3 cells were
processed with the same protocol.

2.6.  AB;_4 oligomer preparation

Lyophilized human AS;_4, monomer peptide, purified by HPLC
(>95%), was used to generate ABi_4o oligomers following a
previously described protocol48. The AB;_4» monomer was first
dissolved in anhydrous DMSO to a concentration of 2 mmol/L,
then diluted in ice-cold Opti-MEM to achieve a final concentration
of 100 umol/L. After vortexing for 30 s, the resulting solution was
incubated at 4 °C for 24 h prior to use.

2.7.  Cellular phagocytosis

BV-2 cells were seeded in 12-well plates at a density of
5 x 10 cells per well. After achieving appropriate confluency, the
cells were treated with a-M/NC@L-Lf at different «-M concen-
trations for 24 h. At the last 3 or 1 h of the treatment, the culture
medium was replaced with fresh medium containing 2 pmol/L
FITC-AB,_4,. After incubation, the cells were washed three times
with cold PBS (pH 7.2), digested, and collected to quantify the
fluorescence of FITC via flow cytometry (Agilent). For qualitative
analysis of cellular phagocytosis, cover slides with BV-2 cells
were prepared. The treatment scheme was the same as the quan-
titative analysis. After incubation, the slices were processed with
the same method as the cellular uptake protocol for CLSM (Leica)
observation.

For the mechanism exploration, BV-2 cells were seeded in 6-
well plates at a density of 2 x 10° cells per well. After achieving
appropriate confluency, the cells were treated with a-M/NC@L-Lf
at different a-M concentrations and 8 pmol/L. AB;_4, oligomers

for 24 h. Then, the cells were washed three times with cold PBS
(pH 7.2) and lysed using RIPA lysis buffer (Beyotime Biotech-
nology, Shanghai) to obtain the total protein. The protein was
mixed with 5 x SDS-PAGE sample loading buffer (Beyotime
Biotechnology, Shanghai), boiled for 10 min for full denaturation,
and subjected to western blotting analysis for the detection of
LDLR expression.

2.8.  Autophagy activation effects in vitro

BV-2 cells were seeded in 6-well plates at a density of
2 x 10° cells per well. After achieving appropriate confluency, the
cells were treated with different preparations and 8 pmol/L
Af1_4 oligomers for 24 h. The final concentration of a-M was
400 ng/mL. Then, the cells were harvested and processed with the
method of western blotting mentioned above, thus obtaining the
expression level of autophagosome marker LC3B.

2.9.  Quantitative real-time PCR in vitro

The upregulation of LDLR expression and endogenous BACE1
gene silencing ability of LNPs were investigated by quantitative
real-time PCR (qRT-PCR).

LDLR: BV-2 cells were seeded in a 12-well plate at a density
of 5 x 10* cells per well. After achieving appropriate confluency,
the cells were treated with different preparations and 8 pmol/L
AQ1_4; oligomers for 24 h. The final concentration of a-M was
400 ng/mL. The total RNA was extracted using the Cell Total
RNA Isolation Kit (Foregene, China), and then reverse transcribed
into cDNA using a Hifair® III Ist Strand cDNA Synthesis
SuperMix (Yeasen, China). Later, qRT-PCR was performed
according to BrightCycle Universal SYBR Green qPCR Mix with
UDG (ABclonal, China).

BACEI: PC-12 cells were seeded in a 12-well plate at a den-
sity of 5 x 10* cells per well. After achieving appropriate con-
fluency, the cells were treated with different preparations and
8 umol/L AB;_4; oligomers for 24 h. The final concentration of
siB was 400 nmol/L. The following qRT-PCR procedures were
outlined above.

The primer and reverse primer sequences are as follows:
BACE1l: F, GGAACCCATCTCGGCATCC; R, TCCGATTCCT
CGTCGGTCTC; LDLR: F, GAAGGCAGCTACAAGTGTGAG;
R, GGGGAGCAGACTGGTGTACT; and @-actin: F, GGCTGTA
TTCCCCTCCATCG; R, CCAGTTGGTAACAATGCCATGT.

2.10.  Neuroprotective efficacy assessment

PC-12 cells were seeded in 96-well plates at a density of
4 x 10° cells per well and incubated for 12 h. Then, the medium
was removed and the cells were treated with fresh medium
containing 20 pmol/L AB;_4> oligomers and various treatments
(a-M 400 ng/mL, siB 400 nmol/L). After 36 h co-culture, the
medium was replaced with DMEM medium, and the cell viability
was assessed via MTT assay.

2.11.  Evaluation of nasal epithelial barrier penetration

Calu-3 cells were seeded in the insert of the Transwell plate (12
wells, pore size: 0.4 pm, Corning, USA) at a density of
3 x 10 cells per well to obtain a nasal epithelial cell model. The
culture medium was changed daily, and the transepithelial
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electrical resistance (TEER) value was detected regularly
(Millicell-ERS, Millipore, USA) and calculated as Eq. (1):

TEER = (Rsample _Rblank) -4 (1)

where Rgympie Was the resistance in cell-seeded wells, Rpjanc Was
the resistance in blank wells without cells, and A was the surface
area of the membrane in the insert.

When the TEER value reached about 500 Q~cm2, the culture
condition was converted to an air-liquid interface (ALI), allowing
the differentiation of Calu-3 cells to obtain a tight epithelial bar-
rier and mucus secretion®. During the ALI the TEER value was
measured after adding the culture medium to the insert and
equilibrating in the culture incubator for 30 min. When the
measurement was finished, the culture medium was removed to
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maintain ALI. The formal experiment was allowed to be con-
ducted when the TEER values were stable. Cy5-NC@L, Cy5-
NC@L-Lf, and Cy5-NC@L-Lf with NAC (Cy5-NC@L-
Lf + N), all at the same concentration of Cy5-NC, were added to
the insert in a volume of 0.5 mL, with 1 mL of fresh medium in
the lower chamber. At the predetermined time points of 2, 6, and
12 h, 0.2 mL of the medium in the lower chamber was collected
and the same amount of fresh medium was supplemented. The
standard curve for the apparent fluorescence intensity of the LNPs
in vitro was constructed, meanwhile, the apparent permeability
coefficient (P,pp) was quantified, which was calculated as Eq. (2):
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Figure 1  Preparation and characterization of LNPs. (A) The molar percentage of the lipid phase composition. (B) A schematic illustration of

the construction of a-M/siB@L via microfluidic-chip device. (C) Agarose gel electrophoresis of naked NC, blank LNP, and NC@L at different
N/P ratios. (D) Hydration particle of «-M/siB@L and «-M/siB@L-Lf. (E) TEM image of a-M/siB @L-Lf stained by uranyl acetate solution. Scale
bar represents 100 nm. Changes of the particle size of (F) LNP preparations and (G) Lf-decorated LNP preparations in PBS at 4 °C (n = 3 per

group). Data are presented as mean + SD.
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dQ/dr was the rate of change of the amount of Cy5-NC (Q) over
time (7), Cy was the initial concentration of Cy5-NC, and A was the
surface area of the membrane in the insert.

Additionally, the upper chamber monolayer membranes were
harvested at different time points and observed via CLSM (Leica).

2.12.  Brain targeting study

C57BL/6 mice were randomly divided into three groups (5 mice
per group) and intranasally administered with 20 pL of Cy5-
NC@L, Cy5-NC@L-Lf, and Cy5-NC@L-Lf + N, each at the
same concentration of Cy5-NC. Mice were executed at 0.25 and
1 h post administration to separate their brains and main organs.
The Lumina III Imaging System (PerkinElmer, Waltham, USA)
was employed for ex vivo fluorescence imaging. Then, the brain
tissue was fixed in 4% paraformaldehyde solution for 24 h,
dehydrated with 15% and 30% sucrose solution for 48 h, and
sectioned at 10 pm by freezing microtome (Leica CM1950,
Germany). Ultimately, brain tissue frozen sections were stained
with DAPI (2 pg/mL) and observed via CLSM (Leica).

2.13.  Treatment for APP/PSI transgenic mice

10-Month-old APP/PS1 mice were randomly divided into 5
groups (6 mice per group). C57BL/6 mice were used as control
(WT). a-M and siB loaded-LNP («a-M/siB@L), Lf-modified siB
loaded-LNP (siB@L-Lf), o-M/siB@L-Lf, and «-M/siB@L-

Lf 4+ N were administered intranasally (0.5 mg/kg «-M, 0.5 mg/kg
siB, every 2 days for 7 times) to different groups, while PBS (pH
7.2) were given the same way to APP/PS1 mice in AD group as
control. Body weight was recorded every 2 days. During the
administration, gas anesthesia was administered concurrently.
After completion of treatment, behavioral tests were performed.

2.14.  Behavioral test

Morris water maze (MWM), Y-maze, and nest-building test were
adopted to comprehensively evaluate the cognitive function and
behavioral status of mice. The experimental protocols followed
the approach described in previous studies™>'. In addition, the
criteria for nest scoring were modified slightly: (0) the paper was
not torn, and had no obvious nest site; (1) the paper was torn
slightly with no obvious nest site; (2) the paper was torn partially,
but the nest site was identifiable; (3) partially torn paper with
identifiable nest site; and (4) most of the paper towels were bitten
with identifiable nest site.

2.15.  Mechanism explorations in vivo

After the behavioral tests, blood samples were collected from the
mice, then all of the mice were sacrificed to obtain brain tissue.
Whole blood and serum samples were sent for complete blood
count and blood biochemical analysis, respectively. At the same
time, some brains, nasal cavities, and main organs were harvested
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Cytotoxicity, cellular uptake, and the enhanced A internalization in vitro. (A) Cell viability of BV-2 cells and (B) PC-12 cells after

incubation with LNPs at different «-M concentrations for 24 h measured by MTT assay (n = 6). (C) Flow cytometry analysis of cellular uptake of
Cy5-NC@L and Cy5-NC@L-Lf at different time points by PC-12 cells (n = 4). (D) Fluorescent images of cellular uptake of Cy5-NC@L and
Cy5-NC@L-Lf at different time points by PC-12 cells. LNPs were labeled with Cy5 (green). DAPI (blue). Scale bar represents 20 um. (E) Flow
cytometry analysis and quantitative analysis of the uptake of FITC-A@ at different time points by BV-2 cells (n = 3). Data are presented as
mean £ SD.
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for hematoxylin and eosin (H&E) or Nissl staining to evaluate the
cumulative toxicity and neuroprotective effects of the LNPs.
Immunohistochemical staining of AS, as well as immunofluores-
cence staining of ROS, GFAP, IBA-1, and NeuN, were performed
on brain slices of different groups. Brain RNA and proteins were
extracted for gPCR, western blotting, and ELISA.

2.16.  Statistical analysis

All data were presented as mean =+ standard deviation (SD).
Statistical analysis was carried out using GraphPad Prism software
(version 7.04). One-way analysis of variance (ANOVA) with
Tukey’s test and two-way ANOVA with Sidak’s test were used for
the statistical comparison between groups with one independent
variable and two independent variable variables, respectively. A
significant difference was considered when the P value was less

than 0.05, and ns represented not significant. Dots overlaid on the
bar graphs are the values measured for biological replicates.

3. Results

3.1.  Preparation and characterization of a-M/siB@L-Lf

Microfluidic-chip device is an extensively exploited LNP fabri-
cation approach to obtain uniform nanoparticles, with high
controllability and reproducibility. SM-102, DSPC, cholesterol,
DMG-PEG;qyy, and DSPE-PEG;gn-Mal were dissolved in
ethanol according to the formulation (Fig. 1A), which was the
lipid organic phase. For a-M-loaded LNP, «-M was also dissolved
in ethanol at 1 mg/mL. In addition, the siRNA aqueous phase was
prepared by adding the siB into the NaOAc buffer. The two phases
were mixed thoroughly to obtain homogeneous LNPs (Fig. 1B).
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During the mixing, the ionizable headgroup of SM-102 turned to ratio reached 8 (Fig. 1C). The capsulation efficiency of siRNA was
be positively charged and electrostatically bound negatively 91.85% via RiboGreen assay (Supporting Information Fig. S1).
charged siRNAs in an acidic buffer, allowing stable siRNA The weight ratio of SM-102 to siRNA was 17.22, which was

encapsulation inside the LNPs and offering protection against applied for follow-up experiments. For Lf decoration, the modi-
enzymatic degradation. Agarose gel electrophoresis indicated that fication ratio of Lf was about 56.17% according to the BCA assay
a complete encapsulation of siRNA was achieved when the N/P (Supporting Information Fig. S2). Then, the encapsulation
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efficiency and loading capacity of a-M in a-M/siB@L-Lf were
determined to be 35.64% and 8.91%, respectively, demonstrating
the successful incorporation (Supporting Information Fig. S3).
The hydrodynamic diameter determined via dynamic light scat-
tering (DLS) of oa-M/siB@L and «-M/siB@L-Lf was
84.97 £ 1.44 nm and 107.89 £ 1.34 nm, respectively (Fig. 1D).
The surface charge of a-M/siB@L-Lf was —10.62 £+ 5.48 mV.
The transmission electron microscope (TEM) image revealed the
uniform spherical shape of a«-M/siB@L-Lf, and the diameter was
consistent with the DLS results (39.97 + 3.57 nm) (Fig. 1E).
Moreover, differed from plain spherical morphology, the spheres
of the a-M/siB@L-Lf were slightly antenna-like, which might be
attributed to the successful conjugation of Lf. The LNPs, espe-
cially the Lf-decorated ones, demonstrated excellent storage sta-
bility, with no significant changes in particle size observed over
48 h (Fig. 1F and G).

3.2.  Amelioration of AD pathology via AB scavenging and
BACE] silencing in vitro

According to the thiazolyl blue (MTT) assay, BV-2 cells were
more sensitive to the ascending concentration of «a-M, which
exhibited mild death when the concentration of a-M reached
800 ng/mL (Fig. 2A), while PC-12 showed better tolerance
(Fig. 2B). At the same time, the stronger cytotoxicity engendered
by Lf-decorated LNPs could be attributed to the higher cellular
uptake mediated by Lf. Calu-3 cells are generally utilized to
simulate olfactory epithelium transport in vitro, which were
adopted along with PC-12 cells to verify the reinforced receptor-
mediated endocytosis endowed by Lf****% The flow cytometry
analysis displayed that, the cellular uptake of Cy5-NC@L-Lf was
9.36- and 4.71-fold higher than Cy5-NC@L for PC-12 cells and
Calu-3 cells at 4 h, respectively (Fig. 2C, Supporting Information
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Fig. S4). The internalization of Cy5-NC@L and Cy5-NC@L-Lf
by these cell lines was also observed qualitatively via CLSM
(Fig. 2D, Supporting Information Fig. S5). The fluorescence of
Cy5-NC@L-Lf was more robust than that of Cy5-NC@L at each
time point. The results above collectively served as evidence that a
conspicuous cellular uptake enhancement was brought in by Lf.
As intracerebral A@ scavengers, BV-2 cells eliminate Ag pla-
ques and convert the brain environment from pathological and in-
flammatory to healthy. Upon the modulation of «-M/NC@L-Lf at
different «-M concentrations for 24 h, a significantly augmented
uptake of FITC-AG was observed via both the flow cytometer and
the CLSM (Fig. 2E, Supporting Information Fig. S6). Compared to
the control group, a-M/NC@L-Lf-treated ones exhibited an
enhanced A( internalization at 100, 200 and 400 ng/mL of a-M
after 3 h, all of which were over 1.70-fold. The LDLR down-
regulation induced by AB oligomers was restored in the presence of
a-M/NC@L-L{, according to the result of western blotting analysis
(Fig. 3A and B). The result was further verified in LDLR mRNA
level via qRT-PCR analysis under the treatment of «-M/NC@L and
a-M/NC@L-Lf, and the upregulation efficiency compared to AB
oligomers-treated groups was 81.19% and 237.55%, respectively

A WT APP/PS1

a-M/siB@L

(Fig. 3C). These findings collaboratively unveiled that, «-M-loaded
LNPs could effectively upregulate the LDLR expression on BV-
2 cells, thereby rejuvenating the phagocytosis of AS. At the same
time, due to the reprogramming of BV-2 cells triggered by «-M, the
autophagy activity of a-M/siB@L-Lf-treated groups was elevated
by 17.40% compared to AS oligomers-treated ones, thus contrib-
uting to the promoted degradation of phagocytosed Ag (Fig. 3D and
E). The finding underscored the efficacy of a-M-loaded LNPs in
promoting Af elimination via enhanced LDLR expression, AS
phagocytosis, and autophagic degradation, thereby assisting the
homeostasis restoration in the brain environment.

In addition, siB encapsulated in LNPs showed a significant
BACEI downregulation efficiency. According to western blotting
analysis, the silencing efficiency of siB-loaded LNP (siB@L) and
siB@L-Lf was 83.44% and 66.38%, while the LNP itself without
siB was noneffective (Fig. 3F and G). Moreover, the AB-induced
BACE1 mRNA increase was also retarded with the treatment of
siB@L and siB@L-Lf (Supporting Information Fig. S7). These
experiments validated the potential of siB-loaded LNPs in the
BACE]1 expression knockdown, thus ceasing the A@ production
with «-M in a two-pronged manner.
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Ultimately, the neuroprotection of «-M/siB@L-Lf against
injury induced by AQ oligomers was investigated via the MTT
analysis (Fig. 3H). The survival rate of PC-12 cells decreased to
53.11% after the co-incubation with A@ oligomers for 36 h. The
cell damage was moderately alleviated by the addition of «-M for
its polyphenol structure-derived anti-inflammatory effect. Mean-
while, siB@L-Lf also exhibited similar cell viability restoration
ability (70.69%), which might be attributed to the siB that
deferred the A@ oligomers-induced pathological deterioration for
PC-12 cells themselves. For a-M/siB@L-Lf-treated groups, the
cell death ceased utterly, indicating a significant neuroprotective
effect (95.59%) introduced by both the «-M and siB.

3.3.  Evaluation of nose-to-brain targeting efficacy both in vitro
and in vivo

To verify the nose-to-brain transmembrane efficiency endowed by
Lf conjugation and the addition of permeation enhancer NAC, a
nasal epithelial cell model was established (Fig. 4A). Initiated by
removing the apical medium and changing the culture condition
from submerged to ALIL the differentiation of Calu-3 cells allowed
the formation of a functional tight epithelium, thus obtaining an
in vitro nasal model with tight epithelial barrier and mucus secre-
tion. The TEER values were monitored regularly (Fig. 4B), and the
formal experiment was conducted when the TEER value reached a
stable level at about 350 Q-cm? after ALL The medium in the lower
chamber and the upper cell membrane were collected after
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co-incubation for 2, 6, and 12 h, respectively. The Py, of Cy5-
NC@L-Lf + N groups was 1.66 x 107 cm/s at 2 h, manifesting
the highest transport rate among the three groups (Fig. 4C). At 6 h,
the P,p, of Cy5-NC@L-Lf + N groups was 1.69- and 1.22-fold
compared to Cy5-NC@L and Cy5-NC@L-Lf groups. Similarly,
the transcytosis and the penetration through the apical monolayer
cell membrane were captured via CLSM (Fig. 4D and E), indicating
an enhanced uptake and transportation during the time course.

To further validate the potential of LNPs to enter the brain
through the nose-to-brain route, the transportation was monitored
at 0.25 and 1 h after intranasal administration in C57BL/6 mice
via near-infrared fluorescence imaging. The Cy5 fluorescence
intensity of Cy5-NC@L-Lf + N in the brain at 0.25 and 1 h was
both detected as the highest among all groups, demonstrating its
prominent brain entry efficiency benefited from both the Lf and
NAC (Fig. 4F). The semi-quantification of brain fluorescence
showed that the brain accumulation of Cy5-NC@L-Lf + N was
1.68- and 1.78-fold stronger than that of Cy5-NC@L-Lf and Cy5-
NC@L at 1 h, showcasing the considerable augmentation of brain
targeting and accumulation (Fig. 4G). However, in comparison to
the in vitro experiment outcomes, a negligible difference was
observed in brain-targeting efficiency in vivo between Cy5-
NC@L-Lf and Cy5-NC@L groups, which might have resulted
from the inhibitory effects of nasal mucus and ciliary motion in
the nasal cavity, thus emphasizing the indispensability of NAC.
Furthermore, the preferential accumulation of Cy5-NC@L-
Lf + N in the brain highlighted its superior brain-targeting
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capability and demonstrated the potential of nose-to-brain LNP
delivery (Fig. 4H). Whereafter, the brain tissue at 1 h after
administration was frozen-sliced to further confirm the accumu-
lation of LNPs via CLSM (Supporting Information Fig. S8).
Likewise, the fluorescence intensity of Cy5-NC@L-Lf + N was
stronger than that of the other two groups, which was concordant
with previous results of the ex vivo imaging. The above experi-
ments collaboratively disclosed the prospect that the Lf modifi-
cation and the addition of NAC are conducive to transport
efficiency via the nose-to-brain route, which prominently tackled
the traditional brain targeting hurdle and refreshed AD therapy.

3.4.  Rescue of cognitive and learning deficits in transgenic mice

A series of different LNP preparations were applied every two days
to 10-month-old APP/PS1 transgenic mice to assess the therapeutic
effects on AD (Fig. 5A). APP/PS1 mice were grouped randomly
and received intranasal administration with different LNPs and PBS
(as a control). WT mice were employed to confirm the AD-relevant
deficits in transgenic mice at baseline. On accomplishing the last
administration, various behavioral experiments were performed to
comprehensively evaluate the cognitive function and behavioral
state of mice. During the MWM training, the escape latency of
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a-M/siB@L-Lf 4 N group was significantly shortened, exhibiting a
great spatial memory and reaching a level similar to that of WT
group, while PBS-treated APP/PS1 mice remained unintentional
swimming (Fig. 5B). In the test, the mice exhibited similar swim-
ming speed (Fig. 5C), and the swimming trajectories for searching
the platform were similar to the results of the training (Fig. 5D,
Supporting Information Fig. S9). The mice in the a-M/siB@L-
Lf + N group manifested an evident preference for the platform
area not only in the time of seeking (Fig. 5E) but also in the
crossing frequency (Fig. S5F), which demonstrated the effectiveness
of a-M/siB@L-Lf + N treatment in rescuing spatial learning and
memory deficits. a-M/siB@L-Lf group also showed moderate
improvement, whereas the therapeutic outcome might be con-
strained by the obstacle in the intranasal mucus penetration. Simi-
larly, the Y-maze test was conducted to analyze the exploratory
behavior and short-term memory in a novel environment via the
activity heatmap and the alternation (Fig. 6A and B). Compared
with PBS-treated APP/PS1 mice, all the LNP preparation-treated
mice were more active, and the spontaneous alternations of which
were remarkably higher and close to the level of WT mice. In the
nest building test (Fig. 6C and D), a-M/siB@L-Lf + N-treated
mice attained a similar score to the WT mice, further confirming the
restoration of impaired innate behavioral execution as well as
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Reduced activation of glial cells and ROS scavenging. (A) Fluorescent images of GFAP and IBA-1 expression analysis of mice brain

slices. Scale bar represents 100 um. (B) Fluorescent images for the detection of ROS level in mice brain slices. Scale bar represent 500 um for the

first line and 100 pum for the others.
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cognitive dysfunction in APP/PS1 mice. The above results
congruously illustrated that «-M/siB@L-Lf administered along
with NAC could attenuate cognitive and learning deficits in APP/
PS1 mice, while other LNP-treated groups yielded less satisfac-
tory therapeutic effect due to onefold treatment or lower delivery
efficiency, thereby revealing the indispensability of combination
therapy for AD and the addition of NAC for nose-to-brain delivery.

3.5.  Mutifaceted anti-AD mechanism analysis and biosafety
assessment

A deposition and activation of glial cells are leading perpetrators
of prolonged neuroinflammation, contributing to overwhelming
oxidative stress and prominent neuronal apoptosis. First, the AG

levels in the brain were determined via immunohistochemical
staining (Fig. 7A) and ELISA (Fig. 7B). Compared with PBS-
treated APP/PS1 mice, the A levels of a-M/siB@L-Lf and a-M/
siB@L-Lf + N-treated mice were significantly dwindled. Next, the
mechanisms of the AB scavenging were explored. ELISA, qRT-
PCR, and western blotting analysis showed a general decline of
BACE]1 expression almost in all LNPs-treated groups (Fig. 7C—F).
However, although BACEI levels were downregulated in «-M/
siB@L and siB@L-Lf groups, no thorough improvement was
observed in these two groups during previous behavioral experi-
ments, indicating the inadequacy of siRNA monotherapy and the
importance of combining «-M and BACE1 siRNA for two-pronged
AP elimination therapy. Therefore, in addition to BACEI inhibition
to impede AB generation, the a-M-triggered upregulation of LDLR
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for enhanced A uptake in the a-M/siB@L-Lf + N-treated group
was a significant contributor to scavenge existing AS plaques, as
verified via qRT-PCR analysis (Fig. 7G). Additionally, benefiting
from the improved brain environment, the expression of APP, a
biomarker representing the pathological progression and severity of
AD, was downregulated (Fig. 7H and I). Then, IBA-1 and GFAP
were employed to label activated microglia and astrocytes, which
were detrimental to the restoration of brain®*>* (Fig. 8A). The
aberrant proliferation and exorbitant activation of these glial cells
were devastating the brains of APP/PS1 mice, whereas the «-M/
siB@L-Lf and a-M/siB@L-Lf + N treatments were capable of
appeasing the excess activation and boosting the normalization of
the brain microenvironment.

The alleviation of A burden as well as the reduced activation of
glial cells could efficiently lessen the ROS damage and refine the
brain environment. With DHE probe staining indicating the ROS
level (Fig. 8B), a powerful ROS scavenging could be spotted in the
a-M/siB@L-Lf + N-treated group, which was achieved via both the
combination therapy and the effective drug delivery. To quantify the
level of inflammatory-related cytokines, qRT-PCR analysis and
ELISA were performed. IL-18 and IL-6 are crucial pro-inflammatory
cytokines, which were diminished after the treatment of «-M/siB @L-
Lf and a-M/siB@L-Lf + N (Fig. 9A—C). The elevated levels of
superoxide dismutase (SOD) (Fig. 9D) in serum further demonstrated
a significant reduction in oxidative stress. Additionally, neuronal
marker NeuN was applied to detect the neuron (Fig. 9E). An apparent
apoptosis could be observed in the brain of APP/PS1 mice, while the
a-M/siB@L-Lf + N treatment rescued the neuron damage and
revitalized the neuron density. Then, the results obtained via H&E
staining (Fig. 9F) and Nissl staining (Supporting Information
Fig. S10) reached a similar conclusion, that the distinct nuclear
shrinkage and damages were ameliorated, which supported the
rehabilitation of memory and learning ability.

Eventually, the systemic toxicity of these LNP formulations
was evaluated. First, during the process of intranasal administra-
tion, the body weight among the groups was stable (Supporting
Information Fig. S11). Also, no noticeable pathological abnor-
malities were observed in major organs with H&E staining
(Supporting Information Fig. S12), complete blood count analysis,
and blood biochemical examinations (Supporting Information
Figs. S13 and S14). Moreover, the nasal cavities of each group
were observed via H&E staining (Supporting Information
Fig. S15), with intact structures, bushy cilia, and no pathological
changes. Taken together, these results showed the good in vivo
biocompatibility of these LNPs.

4. Conclusions

In this study, we engineered a sophisticated multifunctional lipid
nanoparticle system («-M/siB@L-Lf) tailored for direct nose-to-
brain delivery, offering a comprehensive strategy to combat the
multifactorial pathology of AD. First, Lf functionalization of LNP
facilitated receptor-mediated transcytosis across the nasal epithe-
lial barrier, enabling direct brain targeting while minimizing
systemic circulation exposure. To further improve nasal epithelial
penetration and prolong residence time, NAC was incorporated as
a mucolytic agent, facilitating efficient traversal of the nasal
epithelial barrier and amplifying brain bioavailability.

This nanosystem leveraged the synergistic therapeutic potential
of a-M and siB—enhancing A@ clearance through microglial

reprogramming and autophagic activation, while simultaneously
suppressing A@ production via precise BACEI silencing. In vitro
investigations demonstrated that «-M effectively restored AgS-
induced LDLR suppression, potentiating microglial phagocytosis
and autophagic degradation of AB, while siB achieved potent
BACE!1 knockdown to mitigate A synthesis. In vivo studies in
APP/PS1 transgenic mice exhibited profound cognitive restora-
tion, significant attenuation of AS plaque burden, and substantial
alleviation of neuroinflammation and oxidative stress. Of note, the
synergistic integration of NAC with Lf-modified LNPs markedly
enhanced delivery efficiency, resulting in superior therapeutic
outcomes.

In summary, this meticulously designed system exemplified a
transformative, non-invasive, and biocompatible therapeutic
paradigm for AD. By harnessing the combined strengths of tar-
geted LNPs, mucolytic enhancement via NAC, and a multi-modal
therapeutic mechanism, this platform effectively addressed both
upstream and downstream pathological hallmarks of the disease.
These findings not only underscored its remarkable therapeutic
potential but also established a robust foundation for the clinical
translation of nose-to-brain delivery systems in the treatment of
neurodegenerative disorders.
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