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Microglia-targeting nanosystems that
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ingredients alleviate behavioral and cognitive
deficits in Alzheimer’s disease model mice
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Abstract

The effective treatment of Alzheimer’s disease (AD) is challenging because of its complex and controversial
pathological mechanisms. Moreover, multiple barriers, such as the blood—brain barrier (BBB), reduce drug delivery
efficiency. Microglia-related neuroinflammation has recently attracted increasing attention as a possible cause

of AD and has become a novel therapeutic target. Therefore, overcoming the BBB and targeted delivery of anti-
inflammatory agents to microglia seem to be effective practical strategies for treating AD. A large proportion of
natural active extracts possess exceptional immunomodulating capabilities. In this study, the cooperative delivery
of berberine (Ber) and palmatine (Pal) by transferrin-decorated extracellular vesicles (Tf-hEVs-Ber/Pal), which can
cross the BBB and precisely target microglia, was performed. This nanosystem effectively cleared amyloid (3-
protein (AB) aggregates, significantly regulated the neuroinflammatory environment both in vitro and in vivo and
markedly altered the behavior and improved the cognitive and learning abilities of AD model mice. The efficacy
of a microglia-targeting combined therapeutic approach for AD was demonstrated, which broadens the potential
application of Chinese herbal ingredients.
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Introduction

Microglia, crucial resident immune cells in the brain,
have a range of diverse functions related to brain pro-
cesses. Therefore, pathological changes in the metabo-
lism and phenotype of microglia can gradually lead to
severe cerebral diseases, such as Alzheimer’s disease
(AD) and Parkinson’s disease [1, 2]. Recently, microglial
inflammation has been reported as a potential patho-
genic factor in AD [3]. When stimulated by various
inflammatory signals, such as lipopolysaccharide (LPS)
and amyloid B (Ap), the intracellular metabolism of
microglia is reprogrammed, characterized by an increase
in glycolysis, upregulation of hypoxia-inducible factor 1
alpha (HIF-1a) and enhancement of rapamycin (mTOR)
transcription, disruption of the tricarboxylic acid (TCA)
cycle in the mitochondria, and a decrease in oxida-
tive phosphorylation. Various proinflammatory factors,

such as nitric oxide (NO), interleukin 1 beta (IL-1p) and
tumor necrosis factor alpha (TNF-a), are produced and
secreted, resulting in neuroinflammation and ultimately
causing significant cognitive decline [4]. Moreover, a
clinical study analyzed the mononuclear transcriptome
and epigenome of approximately 194,000 microglia from
443 AD patients and revealed that with the progression
of AD, more microglia enter the inflammatory state, lead-
ing to uncontrollable neuroinflammation and exacerbat-
ing central nervous system dysfunction [5]. Transforming
microglia from the proinflammatory phenotype to the
anti-inflammatory, phagocytic phenotype may improve
neuronal function and serve as an effective strategy for
the treatment of AD.

Berberine (Ber) and palmatine (Pal), which are natural
alkaloids extracted from the Chinese herb Coptis chi-
nensis Franch., have been reported to have multifarious
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pharmacological properties, including anti-inflamma-
tory, antioxidative, immunomodulatory, cardio-cerebro-
vascular protective, and hepatoprotective properties [6,
7]. Interestingly, we screened four anti-inflammatory
components derived from Coptis chinensis, and the
synergistic effect between these two components was
reported in our previous work. However, the abilities of
Ber and Pal to cross the blood-brain barrier (BBB) and
target the brain are poor. In particular, the BBB limits the
passage and transport of more than 98% of small mole-
cules and macromolecular therapeutics into the brain [8].
Nanoparticle-mediated drug delivery systems are crucial
for targeted treatment because they can overcome the
limitations of free drugs and enhance their brain-target-
ing performance [9-11].

Exosomes (Exos) are naturally derived vesicles with
sizes ranging from 30 nm to 150 nm, offering advan-
tages such as biocompatibility and a “homing effect”
[12]. Unfortunately, its progressive application has been
limited by the extraction process and batch-to-batch sta-
bility [13-15]. Liposomes (Lips) are synthetic vesicles
composed of phospholipids and cholesterol, with sizes
ranging from 20 nm to 200 nm. They offer various ben-
efits, including biocompatibility, ease of decoration to
improve their targeting ability, and a well-established
preparation process [16—19]. The above two nanosys-
tems have similar structures; both contain hydrophilic
cores and a lipid bilayer, and active membrane fusion is
a prominent feature of phospholipid bilayer membranes
[20-27]. Accordingly, hybrid nanoextracellular vesicles
(hEVs) were prepared by fusing microglia-derived Exos
and artificial Lips, which naturally integrate the char-
acteristics and advantages of both and compensate for
each other’s limitations. Transferrin (Tf) is a widely uti-
lized ligand that can specifically interact with transferrin
receptors (TfRs), which are upregulated in the endothelial
cells of the BBB in the context of brain disorders. Tf was
employed to modify hEVs, and Tf-hEVs were prepared to
facilitate specific transport across the BBB and enable the
drugs to target the brain by leveraging the high-affinity
binding of Tf to TfRs [28].

Inspired by the above background information, a
hybrid vesicle consisting of microglia-derived Exos and
Tf-modified liposomes cooperatively loaded with Ber and
Pal (Tf-hEVs-Ber/Pal) was prepared for AD treatment
(Scheme 1). Tf-hEVs-Ber/Pal could cross the BBB and
further target microglia with the assistance of Tf modi-
fication and the homing effect of Exos. The nanosystems
subsequently efficiently delivered Ber and Pal into the
brain, significantly improving the behavioral and cogni-
tive functions of AD model mice. They also enhanced
the clearance of AP aggregates and promoted the trans-
formation of microglia to an anti-inflammatory pheno-
type. Additionally, the nanosystems effectively balanced
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inflammatory responses by increasing anti-inflammatory
cytokine levels and suppressing proinflammatory signals
both in vitro in microglia and in vivo in the hippocampal
region. Here, we proposed a novel nanobiotechnology for
the treatment of brain disorders that has broad applica-
tion prospects and expanded the utility of active Chinese
herbal medicines.

Materials and methods

Materials

Hydrogenated soybean phosphatidylcholine (HSPC)
and cholesterol (CHOL) were purchased from Shanghai
Advanced Vehicle Technology Pharmaceutical Co., Ltd.
(Shanghai, China). Tf-mPEG2000 was purchased from
Xi’an Ruixi Biotechnology Co., Ltd. (Xi ‘an, China). Ber
and Pal were purchased from Macklin (Chengdu, China).
AP1-42 was obtained from Shanghai Nuo Biotechnol-
ogy Co., Ltd. (Shanghai, China). Fluorescein isothio-
cyanate (FITC) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China).
4;6-Diaminidine 2-phenylindole (DAPI) was purchased
from Solarbio Technologies, Inc. 1,1’-Dioctadecyl-
3,3,3,3’-tetramethylindotricarbocyanine iodide (DiR),
1,1’-dioctadecyl-3,3,3}3’-tetramethylindocarbocyanine
perchlorate  (DiL), 1,1’-dioctadecyl-3,3,3,3-tetrame-
thylindodicarbocyanine, 4-chlorobenzenesulfonate salt
(DiD). 2-(4-Amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI), LysoTracker Red, and a BCA protein
assay kit were purchased from Shanghai Beyotime Bio-
technology (Shanghai, China). Colchicine, nystatin, beta-
cyclodextrin, and chlorpromazine were purchased from
Beijing Pusitang Biotechnology Co., Ltd. (Beijing, China).
An anti-CD81 monoclonal antibody, anti-Alix polyclonal
antibody, anti-TSG101 polyclonal antibody, AlexaFluor
647 conjugated-goat anti-rabbit recombinant second-
ary antibody, and anti-CD71 recombinant antibody were
purchased from Wuhan Sanying Biotechnology Co.,
Ltd. (Wuhan, China). ELISA kits for TNF-a, IL-1f,
IL-4, IL-10, AP40, and AP42 were obtained from Shang-
hai Enzyme Linked Biotechnology Co., Ltd. (Shanghai,
China). Biochemical assay kits for alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), albumin
(ALB), total protein (TP), creatinine (CREA), and blood
urea nitrogen (BUN) were obtained from Rayto Life and
Analytical Sciences Co., Ltd. (Shenzhen, China). BV2
cells, the brain endothelial cell line bEND.3 (bEND.3
cells) and human embryonic kidney 293 cells (HEK293)
were purchased from the National Biomedical Cell-Line
Resource Center (Beijing, China). SPF male C57BL/6]
mice (6-8 weeks old), weighing 20+ 3 g, were purchased
from Jiangsu Huachuang Senuo Medical Technology Co.,
Ltd.
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Scheme 1 Preparation of the microglia-targeting nanosystem Tf-hEVs-Ber/Pal and its possible mechanism. (A) Tf-Lip-Ber was prepared by the thin film
dispersion method, and Exos were extracted from microglia (BV2 cells) simultaneously. Subsequently, Tf-Lip-Ber, Exo, and Pal were mixed and fused via
the water bath method to obtain Tf-hEVs-Ber/Pal. (B) AR protein was injected into the hippocampi of C57BL/6J mice to establish an AD mouse model. Tf-
hEVs-Ber/Pal were injected via the tail vein, circulated in the blood, targeted the blood—brain barrier via the Tf/TfR interaction, and then targeted microglia
through the homing effect of the Exo membrane via the clathrin-mediated pathway. After Tf-hEVs-Ber/Pal treatment, the number of AB plaques and
the levels of proinflammatory cytokines (TNF-a and IL-1@) were decreased, and the levels of anti-inflammatory cytokines (IL-4 and IL-10) were increased,
thereby restoring the spatial learning ability and cognitive function of AD model mice
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Extraction and identification of exosomes

Microglia Exos were extracted by size exclusion chroma-
tography. In brief, BV2 cells were seeded in T25 culture
flasks and cultured in high-glucose DMEM containing
10% fetal bovine serum (FBS) in a humidified incuba-
tor at 37 °C with 5% CO,. When the cell density reached
60%, the medium was replaced with exosome-depleted
medium prepared with 10% exosome-free FBS. Once the
cells reached confluence, the supernatant was collected.
The supernatant was subjected to gradient centrifuga-
tion to remove cell debris and large particles, followed
by filtration using a 100 kDa ultrafiltration tube to obtain
pretreated samples. The pretreated sample was then
slowly loaded onto the chromatography column, and
Exos were eluted and collected with gently flowing elu-
tion buffer. The size distribution, zeta potential and poly-
dispersity index (PDI) of the Exo particles were measured
by dynamic light scattering (DLS) and observed with a
transmission electron microscopy (TEM).

The signature membrane proteins were analyzed by
western blotting (WB). Briefly, Exo samples were lysed in
radioimmunoprecipitation assay (RIPA) buffer, and pro-
tein concentrations were determined using a BCA kit. A
25 ug aliquot of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto a nitrocellulose (NC) membrane.
The membrane was blocked with 5% skim milk for 2 h,
followed by three washes with TBST (Tris-buffered saline
with Tween-20). The membrane was incubated overnight
at 4 °C with the following primary antibodies: anti-rabbit
TSG101, anti-rabbit CD81, and anti-rabbit CD26. The
following day, the membrane was incubated with HRP-
conjugated anti-rabbit IgG secondary antibodies at room
temperature for 1 h, followed by washing with TBST.
Bands were visualized using the ECL Prime western blot-
ting system (GE Healthcare), and fluorescent signals were
captured.

Transmission electron microscopy (TEM)

The samples were diluted to an appropriate concentra-
tion with phosphate-buffered saline (PBS). The samples
were fixed with 2% glutaraldehyde at room temperature.
The fixed samples were applied to electron microscope
grids and incubated at room temperature. Negative stain-
ing was performed by adding 10 pL of 2% phosphotung-
stic acid, after which the samples were completely dried
in a dry environment. Finally, the particle morphology
was observed.

Preparation and characterization of transferrin (Tf)-
modified liposomes (Tf-Lip-Ber)

Hydrogenated soybean phosphatidylcholine, transfer-
rin-modified methoxy polyethylene glycol 2000 and
cholesterol were mixed at a molar ratio of 8:1 and fully
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dissolved in chloroform. Using a rotary evaporator at
40 °C, the chloroform was removed to form a dry, trans-
lucent lipid film, which was then hydrated with Ber solu-
tion at a molar ratio of 1:30 (Ber: lipid material). The
hydrated liposome mixture was uniformly mixed by vor-
tex oscillation and subsequently subjected to probe soni-
cation (sonication parameters: 3 s on, 3 s off, 20% power,
30 min). To remove free Ber, ultrafiltration centrifugation
was performed using a membrane with a specific molec-
ular weight cutoff (MWCO: 3500 Da).

Preparation and characterization of Tf-hEVs-Ber/Pal

Tf-Lip-Ber, Exo and Pal were vortexed at a particle num-
ber ratio of 1:2 and a drug molar ratio of 1:1. The mixture
was incubated in a water bath at 37 °C for 1 h, resulting
in the formation of Tf-hEVs-Ber/Pal. In this study, fluo-
rescent dyes labeled Tf-hEVs-Ber/Pal were prepared by
fusing dyes labeled Tf-Lip or Exos with drugs. Exo-Ber/
Pal was prepared by fusing Exo, Ber and Pal. hEVs-Ber/
Pal were prepared by fusing Exos, Lip-Ber and Pal.

The particle size distribution and zeta potential of Tf-
hEVs-Ber/Pal were measured by DLS. The morphol-
ogy of Tf-hEVs-Ber/Pal was observed via TEM. WB
was performed to detect the expression of the exosomal
markers TSG101, CD81, and CD26. To determine the
encapsulation efficiency of Tf-hEVs-Ber/Pal, an appro-
priate amount of Tf-hEVs-Ber/Pal solution was trans-
ferred into the inner tube of an ultrafiltration centrifuge
tube (MWCO: 3500 Da) and centrifuged at 4000 x g for
10 min. During this process, free drugs that were not
encapsulated in vesicles passed through the ultrafiltration
membrane into the outer tube, whereas the drugs encap-
sulated within the vesicles, owing to their larger particle
size, remained in the inner tube. The filtrate from the
outer tube was collected, and an appropriate sample was
taken for the determination of Ber and Pal concentrations
using HPLC to calculate the encapsulation efficiency.

Fluorescence resonance energy transfer (FRET) tech-
nology was used to assess the fusion of Tf-Lip-Ber with
Exos, where FITC was used to label Tf-Lip-Ber (the
donor) and DiL. was used to label Exos (the acceptor).
A suitable amount of purified Exos was incubated with
DiL (final concentration of 5 uM) at 37 °C in the dark for
20 min. In parallel, FITC was added during the prepa-
ration of Tf-Lip-Ber using the film hydration method,
ensuring that it dissolved together with the membrane
material. The resulting preparations were then subjected
to ultrafiltration centrifugation (MWCO: 3500 Da, 4000
x g, 10 min) to remove free dye, and resuspended in PBS.
During FRET monitoring, the sample was irradiated with
the excitation wavelength of FITC (488 nm). The buffer
used was serum-free PBS to reduce background fluores-
cence interference. Negative controls were established
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using DiL-Exos and FITC-Tf-Lip-Ber as single-label con-
trols to eliminate cross-fluorescence interference.

To evaluate drug release, Tf-hEVs-Ber/Pal were placed
in a dialysis bag with a molecular weight cutoff of 3500
Da. The dialysis bag was immersed in a beaker contain-
ing pH 7.4 PBS and gently stirred at 37 °C. Samples were
collected at specific time points, and the released concen-
trations of Ber and Pal were quantified using HPLC (The
operation methods and methodological supplements are
included in Supplementary Material 2).

Cellular uptake of Tf-hEVs-Ber/Pal and its uptake
mechanism in vitro

BV2 cells were seeded in culture dishes and coincubated
with FITC-Tf-hEVs-Ber/Pal (FITC concentration of 125
uM) for various durations or with different concentra-
tions of FITC-Tf-hEVs-Ber/Pal for 4 h. LysoTracker Red
(50 nM) was added to the medium and incubated for
30 min to label the lysosomes. After incubation, the cells
were washed with PBS to remove excess FITC-Tf-hEVs-
Ber/Pal, fixed with paraformaldehyde (PFA) for 10 min,
stained with DAPI for 10 min, and observed by confocal
microscopy. Quantitative analysis was performed with
flow cytometry (FCM). To investigate the route through
which BV2 cells uptake FITC-Tf-hEVs-Ber/Pal, BV2 cells
were incubated with colchicine (10 puM), nystatin (27
uM), beta-cyclodextrin (5 mM), or chlorpromazine (28
uM) for 30 min in advance.

BBB penetration in vitro

The in vitro BBB model was constructed with a transwell
system. In brief, bEnd.3 cells were seeded in the upper
chamber, and transendothelial cell resistance was mea-
sured via a trans-epithelial electrical resistance (TEER)
meter. BV2 cells were seeded in the lower chamber when
the TEER value exceeded 200 Q.cm® After overnight
attachment, FITC-labeled Tf-hEVs-Ber/Pal (FITC con-
centration of 62.5 uM) were added to the upper chamber
and incubated for 2 h. After incubation, the cells in the
lower chamber were washed with PBS, fixed with 4% PFA
for 10 min, stained with DAPI, and observed by confo-
cal laser scanning microscopy (CLSM) and quantitative
analysis by FCM.

To verify the TfR expression on bEnd.3 cells, a blank
experiment was conducted, where cells were incubated
with an anti-TfR (CD71) primary antibody overnight at
4 °C, washed with PBS, and then incubated with an Alexa
Fluor 647-labeled secondary antibody at room tempera-
ture in the dark for 1 h. Further flow cytometry analysis
was performed by incubating bEnd.3 cells with an anti-
TfR (CD71) primary antibody for 30 min, followed by
incubation with the Alexa Fluor 647-labeled secondary
antibody at room temperature in the dark for 30 min.
HEK293 cells were used as a negative control and treated
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with the same antibodies. Additionally, a blank group
was set up with no treatment. After all treatments, the
cells were washed with PBS, resuspended in PBS, and
analyzed by flow cytometry. To verify whether Tf-hEVs-
Ber/Pal specifically bind to TfR on bEnd.3 cells, bEnd.3
cells were seeded into confocal dishes and divided into
three groups: the experimental group was incubated with
FITC-Tf-hEVs-Ber/Pal (62.5 uM) for 4 h; the competition
group was pretreated with free Tf (100 pg/mL, 30 min)
to block TfR, followed by incubation with FITC-Tf-hEVs-
Ber/Pal (62.5 uM) for 4 h. After incubation, all groups of
cells were washed with PBS, fixed with 4% paraformal-
dehyde. The nuclei were stained with DAPI for 10 min.
Confocal microscopy was used to detect FITC-Tf-hEVs-
Ber/Pal (green, 488 nm), TfR (CD71) (red, 647 nm), and
DAPI (blue, 405 nm) signals. Flow cytometry was used
to analyze the uptake of Tf-hEVs-Ber/Pal in bEnd.3
cells. The bEnd.3 cells were divided into the experimen-
tal group and the competition group. The experimental
group was incubated with FITC-Tf-hEVs-Ber/Pal (62.5
uM) for 4 h, while the competition group was pretreated
with free Tf (100 pg/mL, 30 min) and then incubated
with FITC-Tf-hEVs-Ber/Pal (62.5 uM) for 4 h. As a nega-
tive control, HEK293 cells were treated using the same
method as the bEnd.3 cells. After all treatments, the cells
were washed with PBS and resuspended in PBS for flow
cytometry analysis.

Anti-inflammatory effects of Tf-hEVs-Ber/Pal in vitro

BV2 cells were seeded in culture dishes and cultured until
the cell density reached 80%. BV2 cells were incubated
with LPS (166 uM) for 24 h to induce an inflammatory
response and establish an inflammation model. Then, Tf-
hEVs, Ber, Pal, the Ber/Pal physical mixture, hEVs-Ber/
Pal, Tf-hEVs-Ber, Tf-hEVs-Pal, and Tf-hEVs-Ber/Pal were
added. The final concentration of Ber and Pal was 1 pM.
The blank group was treated with medium replacement
only. After incubation for 24 h, the supernatant medium
was collected, and the NO content was measured using
a Griess reagent kit. The IL-1f, IL-4, IL-10, and TNF-a
levels in the supernatant were quantified using enzyme-
linked immunosorbent assay (ELISA) kits.

In vivo distribution of Tf-hEVs-Ber/Pal

C57BL/6] mice (6-8 weeks) were acclimatized to the test-
ing environment for one week. The DiR-free dye DiR-
hEVs-Ber/Pal or DiR-Tf-hEVs-Ber/Pal was administered
by tail vein injection at a DiR dose of 5 mg/kg. Small ani-
mal in vivo imaging was performed at specific time points
using an IVIS (excitation wavelength of 748 nm and emis-
sion wavelength of 780 nm). The mice were anesthetized
using a gas anesthesia machine, with the oxygen flow rate
set to 1 L/min and the isoflurane concentration set to 3%.
After anesthesia, the mice were placed in the scanning
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area of the imaging device for whole-body imaging to
obtain fluorescence images of the drug distribution in the
body. After imaging, the mice were euthanized, and their
major organs (heart, liver, kidney, lung, spleen, and brain)
were collected and scanned to analyze the distribution
and accumulation of the drug in each organ.

AD mouse model construction

The AD mouse model used in the study was described
previously [29, 30]. C57BL/6] mice (6-8 weeks) were
acclimatized for one week before the experiment. The
mice were anesthetized with isoflurane (4%) using a gas
anesthesia machine. After anesthesia, the mice were
placed in a stereotaxic apparatus, and the fur on their
heads was trimmed using surgical scissors. A small inci-
sion was made on the scalp to expose the skull surface,
and the hippocampal region was located at the following
coordinates: anterior-posterior (AP) -2.0 mm, medial-
lateral (ML) + 1.5 mm, and dorsal-ventral (DV) 1.5 mm.
Using a microsyringe, 5 pL of AP protein solution (5 pg/
uL) was slowly injected into the hippocampal region at a
rate of 1 uL/min. After injection, the needle was held in
place for 30 s before being withdrawn slowly. The scalp
was sutured using fine thread, and iodine tincture was
applied for disinfection. The mice were then placed in a
warm area until they fully recovered from anesthesia. The
recovery period lasted for one week after the surgery.

Administration and behavioral detection

The control group was not subjected to any treatment.
After the recovery period, different formulations (Saline,
Tf-hEVs, Ber, Pal, Ber/Pal physical mixture, hEVs-Ber/
Pal, Tf-hEVs-Ber, Tf-hEVs-Pal, and Tf-hEVs-Ber/Pal)
were administered through the tail vein every two days.
Ber (1.27 mg/kg) and Pal (1.60 mg/kg) were administered
to each mouse.

Morris water maze (MWM) test

Water maze training began after five treatment sessions.
From Days 1 to 5, water maze training was conducted
with the pool water level maintained 1-2 ¢cm above the
platform and the water temperature maintained at 25 °C.
Visual cues of different shapes and colors were placed in
the four quadrants of the pool, with the platform located
in the target quadrant. The mice were placed in different
quadrants of the pool for training. Each training session
lasted for 60 s. If the mouse failed to locate the platform
within 60 s, it was guided to the platform and allowed to
stay there for 10 s. The latency to find the platform, the
time spent in the target quadrant, the movement path,
and the number of platform crossings were recorded to
assess spatial learning ability. On Day 6, a probe test was
conducted in the water maze, with the platform removed.
The mice were placed in the farthest quadrant from the
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target quadrant and allowed to swim freely for 60 s. The
time spent in the target quadrant and the swimming path
were recorded to evaluate spatial memory and cognitive
function.

Novel object recognition (NOR) test

The novel object recognition test involves an adaptation
phase, training phase and test phase. First, the mice were
placed in an empty experimental box for 10 min per day
for two consecutive days to reduce their stress to the
environment. Two identical objects were subsequently
placed in the box, and the mice were allowed to explore
for 5 min. After the exploration period ended, the test
box and objects were cleaned with 75% alcohol to remove
any residual odors. For the test phase, one of the objects
was replaced with a new one, and the mice were allowed
to explore freely for another 5 min. The time spent
exploring the new object and the old object was recorded.
The following formula is used to calculate the recognition
index (RI) for the novel object. RI = Tnovel

T famailiara?Tnovel

Tnovel is the time the animal spends in front of the
novel object, and Tfamiliar is the time the animal spends
in front of the familiar object.

Experimental sampling

The mice were anesthetized using a gas anesthesia
machine. An incision was made along the midline of the
chest with surgical scissors, and the heart, liver, spleen,
lungs, and kidneys were removed. The organs were rinsed
with physiological saline, placed in cryovials, and then
stored at -80 °C. The skull was opened, and the entire
brain was carefully extracted. The extracted brain tissue
was placed in physiological saline.

Immunofluorescence observation

The collected brains were divided to isolate the hippo-
campus, prefrontal cortex, and striatum and placed in 4%
PFA solution overnight for fixation. The fixed brain tissue
was dehydrated with a gradient alcohol series and then
immersed in paraffin. The tissue was cut into 5 um-thick
sections using a microtome. The sections were deparaf-
finized by immersion in xylene for complete removal of
paraffin and then washed with a series of graded etha-
nol solutions (100%, 95%, 80%, and 70%) for rehydra-
tion. Antigen retrieval was performed by immersing
the sections in citrate buffer (pH 6.0) and heating them
in a microwave or water bath for 10-15 min to unmask
the antigens. After antigen retrieval, the sections were
allowed to cool naturally to room temperature, then
thoroughly washed three times with PBS to remove any
residual buffer and prepare the sections for further stain-
ing procedures. Then, the sections were blocked with
5% BSA solution at room temperature for 30 min. The
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diluted TH-S, neuronal nuclei (NeuN), and primary anti-
bodies for M1 and M2 polarization of microglia were
added to the sections, which were then incubated over-
night at 4 °C, followed by three washes with PBS buffer
for 10 min per wash. The sections were incubated with
Alexa Fluor 488-labeled, Cy3-labeled, phycoerythrin
(PE)-labeled, and FITC-labeled secondary antibodies at
room temperature for 1 h and washed again with PBS
three times for 10 min each. Subsequently, DAPI was
added for 10 min to stain the nuclei. Observation was
conducted using a fluorescence microscope with appro-
priate excitation wavelengths and filters. The mean TH-S
fluorescence intensity, the number of NeuN-positive
neurons, and the average fluorescence intensity of M1
and M2 were quantitatively analyzed via Image] software.

To investigate the expression of NF-kB p65 and p38
MAPK in the hippocampal tissue of different treatment
groups, we performed WB analysis. Total protein was
extracted from the hippocampal tissue of the mice in
each group, and the protein concentration was measured.
SDS-PAGE electrophoresis was then performed, fol-
lowed by membrane transfer. The detailed experimental
procedure is described in Sect. 2.2. The membranes were
incubated with primary antibodies (anti-NF-«B p65, anti-
p38 MAPK) overnight, washed with TBST for 3 times
(10 min per time), then, incubated with the secondary
antibodies for 4 h. The protein bands were scanned with
the gel imaging system. After development, the band
intensities were analyzed using Image] software, and the
relative expression of target proteins was calculated using
GAPDH as the internal reference.

Safety evaluation of Tf-hEVs-Ber/Pal

The serum samples from each group were thawed at
room temperature and processed according to the
instructions of the corresponding kits. ALT, AST, CREA,
BUN, ALB, and TP levels were measured using biochem-
ical assay kits following the kit instructions, and the data
were obtained with a microplate reader. Whole blood
samples from each group were placed into test tubes for
analysis using a hematology analyzer, and the sample was
automatically loaded into the analyzer to measure rou-
tine parameters, including white blood cell (WBC) count,
red blood cell (RBC) count, hemoglobin (Hb) concentra-
tion, and platelet (PLT) count.

Statistical analysis

The data in the figure are expressed as the means+ stan-
dard deviations. Statistical analysis was performed using
Student’s t test: P<0.05, P<0.01, " P<0.001, *P<0.05,
*#P<0.01, #*P<0.001, ns indicates not statistically sig-
nificant. * Indicates a significant difference between the
control group and the model group, as well as between
the chlorpyrifos treatment group and the PBS treatment
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group. Additionally, comparisons of DiR-Tf-hEVs-Ber/
Pal vs. DiR, DiR-hEVs-Ber/Pal, FITC-Tf-hEVs-Ber/Pal vs.
FITC, FITC-Exo-Ber/Pal, FITC-hEVs-Ber/Pal, and FITC-
Tf-Lip-Ber/Pal were performed. # indicates a significant
difference between the Tf-hEVs-Ber/Pal group and the
other treatment groups.

Results

Preparation and characterization of Tf-hEVs-Ber/Pal

As shown in Fig. 1A, Tf-hEVs-Ber/Pal were prepared in
a two-step process. First, Ber-loaded liposomes (Tf-Lip-
Ber) were prepared by the film dispersion method. Sub-
sequently, Tf-Lip-Ber, Exo and Pal were mixed in certain
proportions, and Tf-hEVs-Ber/Pal hybrid nanovesicles
were prepared via the water-bath method. The optimal
manufacturing parameters for Tf-Lip-Ber resulted in a
high Ber loading capacity (2.53%) and encapsulation effi-
ciency (77.45%) (Table S1). These preparation parameters
were a membrane material ratio of 8:1, a drug-to-lipid
ratio of 1:30, an ultrasonication duration of 30 min, and
an ultrasound power of 20%. The particle size analysis
and shape characterization revealed that the average size
of Tf-Lip-Ber was approximately 150 nm (Fig. S1A), with
typical spherical nanoparticle characteristics (Fig. S1B),
and that the particle size remained stable for 48 h (Fig.
S1C). The Exos purified from the supernatant of BV2 cell
culture using size-exclusion chromatography had a par-
ticle size of approximately 110 nm (Fig. S1D) and typical
teacup-shaped or round structures (Fig. S1E) [31, 32].
CD81, TSG101, and Alix have been reported as reliable
membrane markers of exosomes [33]. These specific pro-
teins were analyzed by WB, further confirming the suc-
cessful isolation and purification of Exos (Fig. S1F).

Lips and Exos have similar vesicle structures and
are prone to membrane fusion, and common methods
include the water incubation method and the repeated
freeze-thaw method [34, 35]. In summary, both methods
could be used to prepare Tf-hEVs-Ber/Pal successfully,
and no significant differences were observed in terms of
particle size, zeta potential or specific membrane pro-
teins (Fig. 1B-D). After fusion with Tf-Lip-Ber, exosome
protein expression was retained, preserving exosomal
characteristics such as homing targeting (Fig. 1D) [36].
However, DLS measurements revealed changes in the
polydispersity index (PDI), and the water bath method
yielded more stable Tf-hEVs-Ber/Pal (PDI<0.3) without
significant aggregation or dispersion of particles (Fig. 1E).
The water bath method enables a more uniform and gen-
tle fusion process of exosomes and liposomes, avoiding
severe disturbances to the membrane structure, whereas
dramatic temperature changes during repeated freeze-
thaw cycles may result in the uneven rearrangement of
phospholipid molecules [37-40]. Hence, the water bath
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Fig. 1 Investigation and characterization of Tf-hEVs-Ber/Pal. (A) Tf-hEVs-Ber/Pal were prepared via a two-step process. (B) The particle size and (C) zeta
potential of the particles and (D) protein expression of CD81, Alix and TSG101 in Tf-hEVs-Ber/Pal were analyzed by WB. Control represents the purified
Exos. (E) Changes in the PDI of Tf-hEVs-Ber/Pal obtained by repeated freeze-thaw cycles and incubation methods within 48 h were measured with a
Malvin particle size meter. (F) FRET spectrum of DiL and FITC-stained Tf-hEVs-Ber/Pal was determined by a fluorescence spectrophotometer. Before fusion,
Exos were stained with DiL, and Tf-Lips were stained with FITC. (G) Encapsulation efficiency of Tf-hEVs-Ber/Pal obtained by different fusion methods with
different particle ratios of Exo and Tf-Lip-Ber. (H) Stability of Tf-hEVs-Ber/Pal. The change in the particle size of Tf-hEVs-Ber/Pal after 3 days was measured
by DLS. (I) TEM image of Tf-hEVs-Ber/Pal. Scale bar, 100 nm. (J) Cumulative drug release profiles of Ber and Pal from Tf-hEVs-Ber/Pal, Tf-Lip-Ber, and Exo-
Pal were determined using the dialysis method in PBS (pH 7.4) to simulate cerebrospinal fluid over 48 h. Data are presented as the means+SDs (n=3)

method was selected for the preparation of Tf-hEVs-Ber/
Pal.

The FRET technique is very practical for investigat-
ing the interactions between two elements in hybrid
systems [41, 42]. The FRET donor and acceptor dyes
were loaded into the liposomes and exosomes, respec-
tively. The FRET phenomenon, which occurs due to the
close proximity of the donor and acceptor dyes, will be
observed only if the hybrid vehicle is successfully formed.
Two dyes labeled Tf-hEVs-Ber/Pal were prepared by fus-
ing FITC-labeled Tf-Lips (donor, 488 nm/525 nm for ex/
em) and DiL-labeled exosomes (acceptor, 551 nm/569
nm for ex/em). As shown in Fig. 1F, obvious FRET sig-
nals were observed in Tf-hEVs-Ber/Pal, in which energy
was transferred from the donor to the receptor, confirm-
ing successful fusion of Exos and Tf-Lips at various par-
ticle ratios. Additionally, the encapsulation efficiency of
Ber and Pal was greater when the fusion particle ratio of
Exo to Tf-Lip was 1:2 than when the other particles ratios
were used, with values of approximately 70% and 90% for
Ber and Pal, respectively (Fig. 1G). Therefore, the particle
ratio of Exos to Tf-Lip in the Tf-hEVs-Ber/Pal formula-
tion was set to 1:2 to minimize the amount of Exos used.
The particle size of Tf-hEVs-Ber/Pal did not vary signifi-
cantly over 72 h (Fig. 1H), indicating good physicochemi-
cal stability under physiological conditions. Moreover,
the particle size of Tf-hEVs-Ber/Pal was 166.2 nm, with
a zeta potential of -4.79 mV, and it was well dispersed
in the solution. TEM observation of Tf-hEVs-Ber/Pal
revealed spherical vesicles with diameters of approxi-
mately 150-180 nm (Fig. 1I).

Drug release from Tf-hEVs-Ber/Pal, Tf-Lip-Ber, and
Exo-Pal in pH 7.4 fluid was assessed via dialysis over
48 h (Fig. 1J). The experimental results indicated that
different carrier systems significantly influenced the
release kinetics of Ber and Pal. The Tf-Lip-Ber group
exhibited the fastest release rate of Ber, with a cumula-
tive release of 80.88% over 48 h. In contrast, the Exo-Pal
group showed the slowest Pal release, only 59.30%. The
release rate of the Tf-hEVs-Ber/Pal group was intermedi-
ate, with Pal and Ber release rates of 70.87% and 74.76%
at 48 h, respectively. In addition, Ber and Pal are released
from Tf-hEVs-Ber/Pal almost simultaneously. These find-
ings indicate that Tf-hEVs-Ber/Pal provide stable drug
release, ensuring sustained and balanced therapeutic
effects, reducing drug concentration fluctuations, and

prolonging the effects of Ber and Pal on microglia [36, 43,
44].

Cellular uptake of Tf-hEVs-Ber/Pal

FITC-labeled Tf-hEVs-Ber/Pal were incubated with
BV2 microglia to analyze their cellular uptake at differ-
ent incubation times and drug concentrations (Fig. 2A-
D). CLSM imaging and flow cytometry revealed that the
uptake of Tf-hEVs-Ber/Pal by BV2 cells increased over
time, indicating a time-dependent process (Fig. 2A-B and
Fig S2A). Additionally, cellular uptake accelerated with
increasing concentrations of FITC-Tf-hEVs-Ber/Pal, sug-
gesting a concentration-dependent uptake mechanism
(Fig. 2C-D and Fig S2B). The endocytic pathways of Tf-
hEVs-Ber/Pal in BV2 cells were studied by pretreating
the cells with various inhibitors. The results revealed that
the cellular uptake of FITC-Tf-hEVs-Ber/Pal was signifi-
cantly inhibited with chlorpromazine treatment (Fig. 2E).
The cellular uptake of FITC-Tf-hEVs-Ber/Pal in BV2 cells
decreased by approximately 90% in response to chlor-
promazine (Fig. 2F and Fig S2C). Chlorpromazine blocks
clathrin-mediated endocytosis [45, 46], indicating that
Tf-hEVs-Ber/Pal primarily enter cells via clathrin-medi-
ated endocytosis and has lysosomal escape potential.
Furthermore, CLSM was used to examine the intracellu-
lar distribution of Tf-hEVs-Ber/Pal and its colocalization
with lysosomes. The results revealed that FITC-Tf-hEVs-
Ber/Pal (green fluorescence) showed minimal colocaliza-
tion (yellow fluorescence) with the lysosomal marker (red
fluorescence), suggesting that Tf-hEVs-Ber/Pal can evade
lysosomal degradation and is not captured by lysosomes
(Fig. 2G). Overall, Tf-hEVs-Ber/Pal can enter BV2 cells
through clathrin-mediated endocytosis and successfully
evade lysosomal degradation, which is essential for its
anti-inflammatory effects, as proinflammatory targets are
always distributed in the cytoplasm [47].

Anti-inflammatory effects of Tf-hEVs-Ber/Pal in vitro

The uptake of Tf-hEVs-Ber/Pal was necessary for it to
exert its therapeutic effects. To verify whether Tf-hEVs-
Ber/Pal can inhibit AD-related inflammatory responses
after being internalized by BV2 microglia, an LPS-stim-
ulated inflammatory model was established in BV2 cells.
LPS treatment significantly increased the release of NO,
IL-1p, and TNF-a, successfully mimicking the robust
inflammatory responses of microglia observed in the
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Fig. 2 Cellular uptake of Tf-hEVs-Ber/Pal in vitro. The cellular uptake of FITC (green)-labeled Tf-hEVs-Ber/Pal with increasing (A) time and (C) concentration
was determined by CLSM. (B and D) The quantitative determination of cellular uptake was performed via flow cytometry. The concentration of FITC was
125 uM, and the incubation time was 4 h. (E) CLSM observation and (F) quantitative analysis of intracellular accumulation. BV2 cells were preincubated
with different endocytic pathway blockers for 30 min and then incubated with FITC-stained Tf-hEVs-Ber/Pal for 2 h. The concentration of FITC was 250
UM. (G) Lysosomal escape of FITC-labeled Tf-hEVs-Ber/Pal was observed by CLSM. BV2 cells were incubated with FITC-Tf-hEVs-Ber/Pal for 4 h and then
incubated with LysoTracker Red for 30 min. The colocalization of Tf-hEVs with lysosomes is displayed in yellow. The nuclei of BV2 cells were stained with

DAPI (blue). Scale bar, 10 um. The data are presented as the means+SDs (n=3)

pathological process of AD (Fig. 3) [48-51]. Compared
with the other formulations, the Tf-hEVs-Ber/Pal for-
mulation significantly reduced the release of proinflam-
matory factors (NO, IL-1B, and TNF-a; Fig. 3A-C) and
notably increased the levels of anti-inflammatory fac-
tors (IL-4 and IL-10; Fig. 3D-E), indicating the optimal
inflammation balance ability. Specifically, compared with
the Ber/Pal physical mixture treatment, the Tf-hEVs-Ber/
Pal treatment reduced NO levels by 43.61%, IL-1B by

IL-10 levels by 34.03% and 30.78%, respectively, further
demonstrating that the hybrid vesicle (Tf-hEVs) coating
was beneficial for the suppression of AD-related inflam-
mation by Ber/Pal. By specifically delivering the anti-
inflammatory agents Ber and Pal, Tf-hEVs-Ber/Pal not
only effectively inhibited proinflammatory responses but
also significantly increased the secretion of anti-inflam-
matory factors, potentially preventing or mitigating the
progression of microglia-related AD neuroinflammation.

25.05%, and TNF-a by 43.61%, while increasing IL-4 and
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Fig. 3 The anti-inflammatory effects of Tf-hEVs-Ber/Pal in vitro. (A) The NO concentration was determined via the Griess reagent method. (B-E) The con-
centrations of microglial proinflammatory cytokines (IL-13 and TNF-a) and anti-inflammatory cytokines (IL-4 and IL-10) were measured via enzyme-linked
immunosorbent assay. LPS (166 uM) was used to stimulate BV2 cells for 24 h to establish an inflammatory model, and a control group of normal BV2 cells
was established. Tf-hEVs, Ber, Pal, the Ber/Pal physical mixture, hEVs-Ber/Pal, Tf-hEVs-Ber, Tf-hEVs-Pal, and Tf-hEVs-Ber/Pal were incubated with activated
BV2 cells for 24 h. The final concentration of Ber and Pal was 1 uM. The data are presented as the means+SDs (n=6). Statistical analysis was performed
using Student’s t test: P<0.05, "P<0.01, "P<0.001. *P<0.05, #P<0.01, ¥P<0.001
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Increased transport of Tf-hEVs-Ber/Pal across the BBB in
vitro

In this study, Tf modification of hybrid vesicles may
enable Tf-hEVs-Ber/Pal to traverse the BBB via receptor-
mediated transcytosis, facilitating the transport of Ber
and Pal across the BBB for AD therapy [52]. To further
verify the specific binding of Tf-hEVs-Ber/Pal with TfRs
and explore the rationality of the model cells (bEnd.3
cells), we conducted confocal microscopy and flow anal-
ysis. As shown in the Fig. S3A, we used DAPI (blue) to
stain the cell nuclei and an anti-CD71 antibody (red) to
label the TfR, confirming the expression of TfR on the
surface of bEnd.3 cells. Furthermore, the flow cytometry
was performed (Fig. S3B) to quantitatively evaluate the
TfR expression on the cell surface (Fig. S3C). It has been
reported that HEK293 cells exhibit minimal expression
of the TfR and are suitable for use as a negative control
[53, 54]. As result, the strong fluorescence intensity indi-
cated the bEnd.3 cells significantly (P<0.001) expressed
TfR, while HEK293 cells showed minimal fluorescence
under the same conditions, demonstrating the bEnd.3
cells were helpful for the in vitro BBB model construction
[55]. To further validate the specific binding of Tf-hEVs-
Ber/Pal with TfR (Fig. S3D), high concentration of free Tf
was used as the competition drugs of Tf-hEVs-Ber/Pal. In
the competition group, bEnd.3 cells were pretreated with
high concentrations of free Tf, followed by incubation
with FITC-labeled Tf-hEVs-Ber/Pal, while bEnd.3 cells
were directly incubated with FITC-labeled Tf-hEVs-Ber/
Pal in the normal group. The results revealed that the flu-
orescence signal of FITC-labeled Tf-hEVs-Ber/Pal in the
competition group was significantly weakened, indicat-
ing that free Tf inhibited the binding of Tf-hEVs-Ber/Pal
with TfR. Flow cytometry analysis was further conducted
(Fig. S3E), along with quantitative evaluation (Fig. S3F).
The cellular uptake of Tf-hEVs-Ber/Pal in the bEnd.3 cells
was significantly inhibited in the Tf competition group
(P<0.001), which was consistent with the confocal obser-
vation. In addition, there are no differences were discov-
ered in the HEK293 cells. These findings confirmed that
the binding of Tf-hEVs-Ber/Pal with TfR is specific and
dependent on TfR, which demonstrated the Tf-hEVs-
Ber/Pal have superior ability to penetrate the BBB.

The widely reported in vitro Transwell model compris-
ing bEnd.3 cells and BV2 cells was constructed as illus-
trated in Fig. 4A [56, 57]. The upper chamber seeded with
bEnd.3 cells was incubated with FITC, FITC-Exo-Ber/
Pal, FITC-hEVs-Ber/Pal, FITC-Tf-Lip-Ber/Pal, or FITC-
Tf-hEVs-Ber/Pal. The cellular uptake of these formula-
tions by BV2 microglia in the lower chamber was then
observed via CLSM and quantified using flow cytometry
(Fig. 4B-D). The results revealed that Tf decoration pro-
gressively increased drug endocytosis in BV2 cells after
BBB transcytosis. The Tf-Lip-Ber/Pal and Tf-hEVs-Ber/
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Pal groups presented stronger and brighter green fluores-
cence (Fig. 4B). Compared with FITC, FITC-Exo-Ber/Pal,
and FITC-hEVs-Ber/Pal, Tf-Lip-Ber/Pal and Tf-hEVs-
Ber/Pal exhibited approximately double and triple the
fluorescence intensity, respectively (Fig. 4D). This high-
lights the advantages of the interaction between Tf and
the transferrin receptor (TfR) [52]. Compared with Tf-
Lip-Ber/Pal, Tf-hEVs-Ber/Pal further increased cellular
endocytosis in lower BV2 cells (P<0.05), which may have
contributed to the high affinity and “homing effect” of
Tf-hEVs-Ber/Pal (containing BV2-derived Exos) on BV2
cells [58]. These findings demonstrated that Tf-hEVs-
Ber/Pal were effective nanocarriers capable of efficiently
delivering therapeutic agents across the BBB and achiev-
ing superior microglia-targeting performance, which
could improve the efficacy of anti-inflammatory agents
(Ber and Pal herein) and AD therapy via microglia-tar-
geted delivery [48]. These findings further confirmed
that Tf-hEVs-Ber/Pal could effectively penetrate the cell
membrane through the TfR-mediated pathway, enhanc-
ing its ability to cross the BBB.

Brain targeting ability of Tf-hEVs-Ber/Pal in vivo

Owing to the complicated and unpredictable differ-
ences between cellular and organismal systems [59, 60],
the brain targeting ability of Tf-hEVs-Ber/Pal was fur-
ther investigated in C57BL/6] mice. After injecting DiR-
labeled preparations into C57BL/6] mice, we monitored
the biodistribution and accumulation of DiR-Tf-hEVs-
Ber/Pal in the brain using an in vivo imaging system
(IVIS) (Fig. 5). The results revealed that the fluorescence
intensities of the free drug and hEVs-Ber/Pal groups
in the brain were significantly inferior to that of the Tf-
hEVs-Ber/Pal group, which is consistent with the in vitro
results. Moreover, the Tf-hEVs-Ber/Pal group rapidly cir-
culated to the brain within 2 h postinjection and peaked
by 8 h, with Tf-hEVs-Ber/Pal accumulation occurring
over 24 h (Fig. 5A and C). The mice were subsequently
euthanized, and major organs were harvested at different
time points postinjection for ex vivo imaging (Fig. 5B).
The hybrid vesicles of DiR-Tf-hEVs-Ber/Pal accumulated
more in the brain than DiR and DiR-hEVs-Ber/Pal did,
approximately 2.06 times and 1.30 times greater, respec-
tively, at 8 h (Fig. 5D, P<0.05). Tf-hEVs-Ber/Pal has supe-
rior targeting properties. According to our mechanistic
analysis, Tf-hEVs-Ber/Pal can specifically bind to TfRs in
the cerebral vasculature. Moreover, under pathological
AD-like conditions, the expression of TfR is significantly
upregulated in brain endothelial cells, which may further
increase the targeting ability of Tf-modified formulations,
allowing them to rapidly accumulate at diseased sites [61,
62]. These findings indicate that Tf-hEVs-Ber/Pal could
deliver Ber/Pal into the brain, which could increase the
efficacy of the formulation in treating AD.



Zhou et al. Journal of Nanobiotechnology (2025) 23:313

A ® ® ®

Seeding Seeding Tf-hEVs-Ber/Pal
b.End3 cells in the microglial cells in added to the upper
upper chamber. the lower chamber. chamber

- The teer of b.End3
cells exceeds 200
Q-cm?
> Tf-hEVs-Ber/Pal

— b.End3

DAPI

Merge

Page 14 of 26

; FITC

] FITC-Exo-Ber/Pal > xxk
s n FITC-hEVs-BerPal 'z 1.5x107- CT.

] ;1 FITC-Tf-Lip-Ber/Pal &
800 FITC-Tf-hEVs-Ber/Pal

] }' = 1x10™ T

] | =
600 3

2 6

; ] 2 5x10- W

400 3 T
=
0
200- g 1 I | |
O o o 2 o2
] = SLELLR
04 & 99 ,@0690
100 102 10° 10° 10° VNN
WL IA
FL1-Log_Area:FITC LA
S o4
< Q\ég

Fig. 4 (See legend on next page.)



Zhou et al. Journal of Nanobiotechnology (2025) 23:313

(See figure on previous page.)

Page 15 of 26

Fig. 4 The transport of Tf-hEVs-Ber/Pal across the BBB in vitro. (A) Schematic illustration of the in vitro BBB model. bEnd.3 cells and BV2 cells were seeded
in the upper and lower chambers, respectively. FITC-stained Tf-hEVs-Ber/Pal were added to the upper chamber when the transmembrane electrical resis-
tance of the cells exceeded 200 Q-cm? BV2 cells in the lower chamber were collected after the addition of different formulations for 2 h and analyzed by
(B) CLSM and (C and D) flow cytometry. The concentration of FITC was 62.5 uM. FITC (green), DAPI (blue). Scale bar, 10 um. The data are presented as the

ok

means+SDs (n=3). P<0.05, "P<0.01, "P<0.001

Tf-hEVs-Ber/Pal improved the behavioral and cognitive
performance of AD model mice

In this study, an AD mouse model was established via the
injection of AP protein into the hippocampi of C57BL/6]
mice through surgery after they were allowed to adapt
to the testing environment for one week; this AD model
has been widely reported in previous articles [63—65].
The entire experimental process is illustrated in Fig. 6A.
The MWM and NOR tests were conducted to test the
behavior of AD model mice after the administration of
different formulations. In the MWM test, the mice were
trained for five days, followed by an escape experiment
on day six to evaluate their spatial learning and mem-
ory capabilities. The better their spatial memory is, the
shorter the time taken to find the platform, the higher the
frequency of crossing the target platform, and the longer
the time spent lingering in the target quadrant. The rep-
resentative swimming trajectories of the different groups
on day six are shown in Fig. 6B. The escape latency dur-
ing the training period was recorded, as shown in Fig. 6C.
Mice treated with Tf-hEVs-Ber/Pal spent the least
amount of time finding the platform, and the latency
clearly decreased. As shown in Fig. 6D, the mice in the
blank group crossed the platform approximately 5-7
times, whereas the mice in the saline groups crossed the
platform only 0-2 times, indicating that the memory
function of the AD model mice was severely impaired.
Posttreatment with Ber or Pal, Ber/Pal, hEVs-Ber/Pal,
a single drug loaded with Tf-hEVs or Tf-hEVs-Ber/Pal
increased the number of platform crossings to various
degrees. Compared with the other groups, the Tf-hEV-
Ber/Pal therapy group exhibited significant improve-
ment, with an increase of 3—6-fold. The time and distance
traveled in the target quadrant further demonstrated spa-
tial learning ability (Fig. 6E and F) [66, 67]. The mice in
the blank group spent 60% of the total time in the tar-
get quadrant, whereas the mice in the saline group spent
only 17%. In contrast, the percentage of time spent in the
target quadrant significantly increased in the Tf-hEVs-
Ber/Pal-treated groups, reaching nearly 60%, indicating a
more focused swimming trajectory in the target quadrant
(Fig. 6E). Compared with the saline group, the Tf-hEVs-
Ber/Pal group presented the greatest distance traveled
in the target quadrant, with a 207.05% increase (Fig. 6F).
To further validate the above results, we conducted a
novel object recognition (NOR) test (Fig. 6G). The RI was
calculated to assess the ability of the mice to recognize
the novel object, thereby reflecting their learning and

memory abilities. The RI in the saline group was signifi-
cantly reduced to approximately 43.17%, indicating that
AD impaired the ability of the mice to recognize the
novel object effectively and impaired their learning and
memory abilities. The Tf-hEVs-Ber/Pal group presented
the greatest percentage of time spent investigating the
novel object, approximately 77.52%, which was approxi-
mately 1.8 times greater than that of the saline group
and significantly greater than that of the other treatment
groups, approaching the level of the control group. These
results indicate that the Tf-hEVs-Ber/Pal had predomi-
nant effects on enhancing spatial cognitive ability, restor-
ing memory and improving cognitive function in AD
model mice.

Studies have reported that Ber reduces neuronal dam-
age by inhibiting AP aggregation and tau protein phos-
phorylation and that Pal has the potential to modulate
neuroinflammation and promote neuronal regeneration.
The combination of Ber and Pal may act on multiple key
pathological pathways of AD, thereby enhancing thera-
peutic efficacy [68-75]. The Tf-hEVs-Ber/Pal system
combines the advantages of transferrin modification with
the natural targeting capability of exosomes, enabling Ber
and Pal to efficiently penetrate the BBB. This increases
their bioavailability, significantly enhances their thera-
peutic effects, and notably improves the spatial memory
and learning behaviors of AD model mice.

Tf-hEVs-Ber/Pal relieved A accumulation and
neuroinflammation in AD model mice

Reducing A deposition is essential for improving cogni-
tive function and alleviating AD pathology [76, 77]. We
used immunofluorescence staining to observe A sedi-
mentation in the hippocampus to assess the effects of Tf-
hEVs-Ber/Pal therapy on AD mice (Fig. 7A). Compared
with those in the other treatment groups, the fluores-
cence intensity in the hippocampus in the Tf-hEVs-Ber/
Pal treatment group was significantly lower. Semiquanti-
tative analysis revealed that Tf-hEVs-Ber/Pal decreased
the number of AP plaques individually (in contrast to
saline), 3—4.5-fold (in contrast to free drugs), and 2-fold
(compared with single drug loading) (Fig. 7B). These find-
ings suggested that Tf-hEVs-Ber/Pal could effectively
intervene in AP metabolism and accelerate Ap clearance.
Furthermore, we measured AP-40 and AB-42 levels via
ELISA. The results showed that Tf-hEVs-Ber/Pal treat-
ment significantly decreased the expression levels of Ap-
40 and AB-42 in the brain (Fig. 7C and D), demonstrating
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Fig. 5 Biological distribution of Tf-hEVs-Ber/Pal in vivo. Representative in vivo fluorescence images of the biodistribution of Tf-hEVs-Ber/Pal (A) in living
mice and (B) isolated major tissues (heart, liver, spleen, lung, kidney, and brain) from the mice after 2 h, 4 h, 8 h, 12 h, and 24 h, as detected via an IVIS. |
represents DiR, Il represents DiR-hEVs-Ber/Pal, and Il represents DiR-Tf-hEVs-Ber/Pal. The quantitative average fluorescence intensity (C) within the brain
area in the living mice and (D) the isolated brain. The dose of DiR used was 5 mg/kg. The data are presented as the means +SDs (n=3). 'P<0.05,**P<0.01,

"P<0.001, ns indicates not statistically significant

broad intervention in overall AB pathology by this deliv-
ery system.

IL-1p, which is secreted by activated microglia, plays
a critical role in the amplification of A deposition and
neuroinflammation, and its increase is closely associ-
ated with neuronal damage and cognitive decline. TNF-a
binds to its receptor and activates downstream signal-
ing pathways, promoting the release of proinflammatory
mediators. In contrast, IL-4 inhibits the proinflamma-
tory secretion of microglia and induces their polariza-
tion to an anti-inflammatory phenotype (M2 microglia).
IL-10 is a potent anti-inflammatory factor that exerts
neuroprotective effects by inhibiting the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)
pathway and inflammatory mediator expression [78—84].
As shown, the expression levels of the proinflammatory
cytokines IL-1B and IFN-a were significantly reduced
(Fig. 7E and F), whereas the levels of the anti-inflamma-
tory cytokines IL-4 and IL-10 were elevated (Fig. 7G and
H). A higher M1/M2 ratio typically reflects a proinflam-
matory state of microglia, whereas a lower M1/M2 ratio
indicates an enhanced anti-inflammatory phenotype,
which helps reduce neuroinflammation and neuronal
damage. The determination of microglial phenotypes
further confirmed the role of Tf-hEVs-Ber/Pal in neuro-
inflammation in AD mice (Fig. 7I and J). Specifically, the
M1/M2 ratio in the TF group was 1.79, which was sig-
nificantly lower than that in the Ber/Pal group (10.43,
P<0.001), hEVs-Ber/Pal (8.93, P<0.001) and single drug
loading groups (7.80, P<0.05) indicating that the treat-
ment effectively shifted the phenotype towards the more
anti-inflammatory M2 state. (Fig. 7).

Ber and Pal have been reported to primarily inhibit
the NF-«B signaling pathway and the adenosine mono-
phosphate-activated protein kinase (MAPK) signal-
ing pathway to exert anti-inflammatory efficacy [69,
85-89]. Herein, a WB analysis was performed to detect
the expression of p38 MAPK and NF-kB p65 in the iso-
lated hippocampus after administration (Fig. S4). In the
model group (Saline), both p38 MAPK and NF-kB p65
were significantly upregulated (Fig. S4B-C), indicating
a pro-inflammatory state. Notably, compared with Tf-
hEVs-Ber and Tf-hEVs-Pal groups, the Tf-hEVs-Ber/Pal
group significantly inhibited p38 MAPK expression for
0.5 times and 1 time respectively, and decreased NF-kB
p65 expression for 0.5 times and 0.25 times respectively,
exhibited more pronounced synergistic inhibitory effects
on these two signaling pathways. These results further

confirm that Tf-hEVs-Ber/Pal has strong therapeutic
potential for inhibiting neuroinflammation through syn-
ergistic effects on multiple pathways [90, 91].

Neuroprotective effects of Tf-hEVs-Ber/Pal

The loss of neurons in the hippocampus is closely asso-
ciated with neuroinflammation and cognitive decline
[92-96]. We investigated the neuroprotective effects of
Tf-hEVs-Ber/Pal treatment on hippocampal neurons in
AD model mice through immunofluorescence staining
(Fig. 8). Healthy neuronal cells were stained with Cy3,
and the red fluorescence intensity was similar to that of
the control mice (Fig. 8A). The quantitative data revealed
that the Tf-hEVs-Ber/Pal-treated group presented sig-
nificantly increased NeuN expression levels (Fig. 8B),
indicating the effective inhibition of neuronal loss and
apoptosis in the hippocampi of AD model mice. In the
Tf-hEVs-Ber/Pal-treated group, the NeuN cell density
was significantly greater than that in the Tf-hEVs-Ber
and Tf-hEVs-Pal groups, suggesting that the combined
treatment has a potential synergistic effect. Compared
with that in the saline group, the NeuN cell density in the
Tf-hEVs-only group was not significantly decrease, indi-
cating that the Tf-hEVs carrier itself does not induce neu-
rotoxicity or exacerbate neuronal loss. This highlights the
safety and efficacy of this nanodelivery platform.

In vivo safety evaluation of Tf-hEVs-Ber/Pal

Measuring biochemical indicators in serum samples is a
common method to evaluate the safety of novel formu-
lations that provides a comprehensive reflection of the
body’s health status after treatment. ALT and AST lev-
els are key markers of liver function, and elevated levels
often indicate liver damage. CREA and BUN levels are
routine indicators for assessing kidney function, and
elevated levels may indicate impaired kidney function.
ALB and TP levels reflect the body’s protein metabolism
and overall nutritional status [97, 98]. The results (Fig. 9)
revealed no significant differences in these biochemi-
cal parameters between the Tf-hEVs-Ber/Pal group and
the control group (P>0.05), with all indicators remaining
within the normal physiological range, indicating that the
administration regimen did not cause noticeable liver or
kidney toxicity or metabolic abnormalities. We also per-
formed hematological tests in the serum samples (Table
S2). The results revealed no significant differences in any
hematological parameters between the Tf-hEVs-Ber/Pal
treatment group and the control group (P>0.05), and
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Fig. 6 Behavioral improvement in AD model mice after Tf-hEVs-Ber/Pal treatment. (A) Diagram of the model construction and therapeutic schedule.
(B) Trajectories of wild-type and AD mice treated with different preparations in the water maze. Quadrant | is the target quadrant. (C) Escape latency
time. (D) Platform crossing time. (E) Target quadrant occupancy in the MWM. and (F) target quadrant motion paths. (G) NOR performance of mice after
administration of different formulations by tail vein injection. Rl represents the recognition index. Control indicates wild-type control mice without any
intervention. The AD model mice were generated by unilateral injection of the AR protein into the hippocampus at an injection dose of 5 uM, except for
those in the control group. After the model was established, the postoperative recovery time was 1 week, the administration time was 16 days, and the
administration interval was once every two days. The dosages of Ber and Pal used were 1.72 and 1.6 mg/kg per mouse, respectively. The data are pre-
sented as the means +SDs (n=3). Statistical analysis was performed using Student’s t test: "P<0.05, “P<0.01,"P<0.001, *P<0.05, #P<0.01, #*P<0.001,

ns, not significant

all the values remained within the normal physiological
range. These findings indicate that long-term adminis-
tration does not induce abnormal immune responses,
hematological toxicity, or coagulation issues, further sup-
porting the safety of the Tf-hEVs-Ber/Pal [40, 99].

Discussion and conclusion

In this work, hybrid vesicles loaded with both Ber and Pal
(Tf-hEVs-Ber/Pal) on the basis of Tf-modified liposomes
and microglia-derived exosomes were proposed for AD
treatment via microglia targeting (Scheme 1). In terms
of targeting properties, Tf-hEVs-Ber/Pal exhibited satis-
factory brain-targeting ability, which further improved
their ability to penetrate the BBB and home to microglia
(Figs. 2, 3 and 5). Tf-hEVs-Ber/Pal responded effectively
to neuroinflammation related to microglia, increasing the
levels of anti-inflammatory cytokines and reducing the
secretion of proinflammatory cytokines both in vitro and
in vivo, potentially contributing to the M2 polarization of
microglia (Figs. 3 and 7). Consequently, after treatment
with Tf-hEVs-Ber/Pal in AD model mice, AB plaque
deposition was reduced (Fig. 7), neuronal damage was
alleviated (Fig. 8), and behavioral and cognitive perfor-
mances were restored (Fig. 6). In summary, Tf-hEVs-Ber/
Pal demonstrated potential for treating AD and offered
valuable insights for the development of novel nanodrug-
mediated brain delivery platforms.

The uncontrollable neuroinflammation induced by
microglia, which are resident immune cells in the central
nervous system, plays a pivotal role in AD progression
[48, 100]. The secreted exosomes of microglia have been
reported to be drug carriers capable of targeting microg-
lia and enabling drug delivery to the brain [38, 101-105].
Previously, we optimized extraction methods for microg-
lia-derived Exos and developed a codelivery system based
on Exos for AD therapy. However, this system is limited
by insufficient drug loading capacity and weak targeting
efficiency, which hinders effective microglial targeting
and treatment efficacy [95]. These problems were solved
by a positive fusion hybrid system decorated with a tar-
geted ligand (Tf in this work), which provides a feasible
idea for the development of multifunctional delivery sys-
tems characterized by high drug loading and increased
targeting. Visibly, the hybrid strategy can effectively

compensate for the shortcomings of a single nanodeliv-
ery system.

Ber and Pal, which have been used clinically for many
years, are isoquinoline alkaloids and are present in
extracts of Coptis chinensis and other plants in the genus
Berberis [106-108]. As patented Chinese medicines,
berberine and flavanthin are extensively used for their
antibacterial and anti-inflammatory effects and protec-
tive effects against infection, and their diverse bioactive
properties, including their antioxidant, neuroprotective,
anticancer properties and their regulation of glucolipid
metabolism, have been studied. In this study, Ber and Pal
were coloaded into Tf-hEVs-Ber/Pal for potential syner-
gistic effects, and the results were preliminarily verified.
Compared with Tf-hEVs-Ber or Tf-hEVs-Pal, Tf-hEVs-
Ber/Pal had more significant therapeutic effects, indi-
cating that the combination of Ber and Pal represents a
novel strategy for spatial memory and cognitive function
improvements in AD. According to existing studies, Ber
directly inhibits pB-secretase (BACE1), which is located
in the NF-«B downstream pathway, reducing BACEI1
expression and decreasing the conversion of amyloid pre-
cursor protein (APP) to Ap. Pal reduces neuroinflamma-
tion by modulating NF-«B upstream signaling, promotes
M2 microglial polarization, and enhances Ap phagocyto-
sis and degradation. Therefore, the combined use of Ber
and Pal could inhibit the classical inflammatory NF-«xB
pathway, suppress NF-kB nuclear translocation, and
reduce the expression of the downstream proinflamma-
tory mediators IL-13 and TNF-a [69, 71, 86, 109-111].

Antibody therapies and inhibitor treatments for AD
have made certain progress, such as donanemab and
lecanemab [72, 112-116]. The Tf-hEVs-Ber/Pal, as a
novel nanotechnical drug delivery platform, potentially
shows synergistic effects with clinical therapy. Antibody
therapy mainly targets AP plaques, while inhibitor treat-
ments alleviate cognitive impairment by inhibiting ace-
tylcholinesterase or modulating NMDA receptors [117].
However, both approaches fail to address the underlying
pathologies of AD, such as neuroinflammation. The Tf-
hEVs-Ber/Pal was verified to alleviate neuroinflammation
and enhance anti-inflammatory (M2) microglia pheno-
type transformation. Therefore, combination treatment
of the Tf-hEVs-Ber/Pal with clinically used antibodies or
inhibitors may improve AD pathology through multiple
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Fig. 7 The anti-AD effects of Tf-hEVs-Ber/Pal include AR plaque inhibition, inflammation regulation and microglial phenotype modulation. (A) Immuno-
fluorescence staining of the isolated hippocampus was observed using optical microscopy. B-Amyloid plagues were stained with Th-S (green). (B) Semi-
quantitative data of the green fluorescence signals were analyzed by measuring the average fluorescence intensity using ImagelJ. Determination of the
concentrations of (C) AB-40 and (D) AB-42 with ELISA kits. (E-H) The levels of the inflammatory cytokines (E) IL-13 and (F) TNF-a and the anti-inflammatory
cytokines (G) IL-4 and (H) IL-10 in the isolated hippocampi were measured. Control indicates wild-type control mice without any intervention. (I) Semi-
quantitative data of CD86 (red) and CD206 (green) signals were analyzed by measuring the average fluorescence intensity via ImageJ, and the M1/M2
ratio was calculated. (J) M1 microglia were stained with a PE-conjugated anti-CD86 antibody (red), and M2 microglia were stained with a FITC-conjugated
anti-CD206 antibody (green). The cell nuclei were stained with DAPI (blue). Scale bar, 200 pm. The AD model mice were generated by unilateral injection
of the AB protein into the hippocampus at an injection dose of 5 uM, except for those in the control group. The data are presented as the means+SDs
(n=3). Statistical analysis was performed using Student’s t test: P<0.05, "P<0.01, "P<0.001, *P<0.05, #P<0.01, * P <0001, ns, not significant

mechanisms, overall enhancing the therapeutic effect. The Tf-hEVs-Ber/Pal developed in this study not only
This multi-target cooperative platform (Tf-hEVs-Ber/Pal)  demonstrate superior drug delivery performance in the
provided a new approach to AD treatment, further pro- treatment of AD but also have potential applications
moted the clinical application of Ber and Pal, and offered  in the treatment of other neurodegenerative diseases.
the potential for comprehensive treatment of AD. For example, in Parkinson’s disease (PD) and amyo-

trophic lateral sclerosis (ALS), excessive activation of
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"P<0.05,P<0.01, P<0.001, *P<0.05, *P<0.01, P <0001, ns, not significant
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