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A B S T R A C T   

Immune recognition of excessive neurotoxins by microglia is a trigger for the onset of neuroinflammation in the 
brain, leading to neurodegeneration in Alzheimer’s disease (AD). Blocking active recognition of microglia while 
removing neurotoxins holds promise for fundamentally alleviating neurotoxin-induced immune responses, but is 
very challenging. Herein, an engineered macrophage-biomimetic versatile nanoantidote (OT-Lipo@M) is 
developed for inflammation-targeted therapy against AD by neurotoxin neutralization and immune recognition 
suppression. Coating macrophage membranes can not only endow OT-Lipo@M with anti-phagocytic and 
inflammation-tropism capabilities to target inflammatory lesions in AD brain, but also efficiently reduce 
neurotoxin levels to prevent them from activating microglia. The loaded oxytocin (OT) can be slowly released to 
downregulate the expression of immune recognition site Toll-like receptor 4 (TLR4) on microglia, inhibiting 
TLR4-mediated pro-inflammatory signalling cascade. Benefiting from this two-pronged immunosuppressive 
strategy, OT-Lipo@M exhibits outstanding therapeutic effects on ameliorating cognitive deficits, inhibiting 
neuronal apoptosis, and enhancing synaptic plasticity in AD mice, accompanied by the delayed hippocampal 
atrophy and brain microstructural disruption by in vivo 9.4T MR imaging. This work provides new insights into 
potential AD therapeutics targeting microglia-mediated neuroinflammation at the source.   

1. Introduction 

Microglia-mediated neuroinflammation is considered a key inducer 
of progressive neurodegeneration in Alzheimer’s disease (AD) [1,2]. As 
primary resident immune cells in the central nervous system (CNS), 
microglia maintain brain microenvironment homeostasis by triggering 
innate immune responses [3]. In AD brain, excessive neurotoxins such as 
lipopolysaccharide (LPS) and amyloid-beta (Aβ) aggregates bind to 
pattern recognition receptors (PRRs) on microglial membranes as 
pathogen-associated molecular patterns (PAMPs) or damage-associated 

molecular patterns (DAMPs), resulting in sustained microglial activation 
and long-term release of inflammatory mediators, ultimately leading to 
synaptic damage and neuronal dysfunction [4,5]. It is worth noting that 
the deleterious inflammatory phenotype of microglia during AD pro
gression depends on the specific immune recognition of neurotoxins by 
PRRs, which is increasingly recognized as a trigger for the onset of 
microglia-mediated pro-inflammatory cascade. Therefore, reducing 
neurotoxin levels while attenuating PRR expression is highly desirable 
and challenging for alleviating neurotoxin-induced immune responses 
and neuroinflammation in AD. 
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Cell-membrane biomimetic nanomaterials have attracted much 
attention, masquerading as “decoys” to intercept virulent factors and 
divert them away from their intended cellular targets, thereby achieving 
biological neutralization to reduce toxin levels, especially suitable for 
broad-spectrum detoxification [6,7]. As effector cells of immune de
fense, the membranes of macrophages are colonized with a large num
ber of PRRs, which have been reported to neutralize endotoxins to 
suppress inflammation in sepsis and hepatic ischemia-reperfusion [8,9], 
but their effect on neutralizing neurotoxins in AD has not been proven. 
Furthermore, macrophage-biomimetic nanocarriers also inherit the low 
immunogenicity of source cells and the natural advantage of being 
recruited to inflammatory lesions [10–12], which is expected to enable 
targeted delivery to neuroinflammatory areas in AD brain where neu
rotoxins accumulate, thereby optimizing biological neutralization and 
loaded drug efficacy. Biomimetic nanocarriers with 
inflammation-tropism capability have been developed for drug delivery 
therapy in atherosclerosis or acute ischemic stroke [13,14], but their 
application in AD treatment has not been investigated. Therefore, uti
lizing macrophage-biomimetic nanoagents to simultaneously exert 
inflammation-tropism and neurotoxin neutralization is an emerging 
therapeutic strategy focusing on neurodetoxification in CNS diseases 
such as AD. 

Evidence exists that Toll-like receptor 4 (TLR4) is the most common 
type of PRRs and its expression is prominently high in AD brain, 
providing sufficient binding sites for microglia to recognize neurotoxins 
[15,16]. The binding of TLR4 to neurotoxins triggers the myeloid dif
ferentiation factor 88 (Myd88)-dependent signalling pathways that 
exacerbate the transcriptional expression of various inflammatory cy
tokines [17]. The resulting exacerbation of microglial activation further 
upregulates TLR4 expression and promotes its dependent immune 
recognition of neurotoxins, leading to a vicious circle of inflammatory 
cascade [18,19]. Oxytocin (OT), a neuroendocrine hormone, has been 
shown to attenuate microglial overactivation and neuroinflammation 
[20,21], but its specific regulatory mechanisms in the CNS has not been 
fully elucidated. Previous studies have shown that exogenous OT can 
inhibit TLR4 expression and block its downstream inflammatory sig
nalling pathways to mitigate bone cancer pain, maternal separation 
stress, and lung injury [22–24], but whether it can play a similar role in 

AD brain remains unclear. Therefore, attenuating TLR4 expression and 
its mediated pro-inflammatory cascade by exogenous OT is of great 
value and exploratory significance for suppressing microglia-mediated 
immune recognition of neurotoxins in AD. 

Herein, OT-loaded macrophage-biomimetic liposomes were engi
neered as a versatile nanoantidote (OT-Lipo@M) for inflammation- 
targeted therapy against AD by neurotoxin neutralization and immune 
recognition suppression (Scheme 1). Coating macrophage membranes 
not only endowed OT-Lipo@M with anti-phagocytic and inflammation- 
tropism capabilities, greatly enhancing the preferential delivery to in
flammatory lesions in AD brain, but also served as a “nanodecoy” for 
efficient removal of neurotoxins. Furthermore, the OT released from OT- 
Lipo@M could reduce TLR4 expression on microglia, synergistically 
inhibiting TLR4-mediated pro-inflammatory signalling cascade. As a 
result, based on this two-pronged immunosuppressive strategy, OT- 
Lipo@M administration exhibited outstanding therapeutic effects on 
ameliorating cognitive deficits, inhibiting neuronal apoptosis, and 
enhancing synaptic plasticity in AD mice, accompanied by the delayed 
hippocampal atrophy and brain microstructural disruption by in vivo 
9.4T MR imaging. To our knowledge, this work is the first report on 
developing a multifunctional biomimetic nanomedicine for AD that 
simultaneously possesses inflammation-tropism, neurotoxin neutraliza
tion, and immune recognition suppression to comprehensively, effi
ciently, and safely block the trigger source of microglia-mediated 
neuroinflammation. 

2. Materials and methods 

2.1. Materials, cells, and animals 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-PEG2000 
(DSPE-PEG2000) was purchased from Macklin (Shanghai, China). 1,2- 
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from 
Aladdin (Shanghai, China). Cholesterol and lipopolysaccharides (LPS, 
Escherichia coli O127:B8, L3129) were purchased from Sigma-Aldrich 
(USA). Oxytocin acetate was purchased from MedChemExpress (USA). 
Membrane and Cytosol Protein Extraction Kit and Coomassie Blue Fast 
Staining Solution were purchased from Beyotime Biotechnology 

Scheme 1. Schematic illustration of the engineered macrophage-biomimetic versatile nanoantidote OT-Lipo@M and its anti-AD mechanisms, including 
inflammation-targeted delivery, neurotoxin neutralization, and immune recognition suppression, thereby inhibiting microglia-mediated pro-inflammatory cascade to 
alleviate neurodegeneration. 
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(Shanghai, China). LPS ELISA kit was purchased from Cloud-Clone Corp 
(Wuhan, China). The mouse TNF-α ELISA kit and IL-1β ELISA kit were 
purchased from NeoBioscience Technology (Shenzhen, China). The 
Annexin V-FITC/PI assay kit was purchased from KeyGen Biotech 
(Nanjing, China). The Reactive Oxygen Species (ROS) assay kit was 
purchased from Solarbio (Beijing, China). 

RAW 264.7 cells, BV-2 cells and HT22 cells were cultured in high 
glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/ 
S) in an incubator with 5% CO2 at 37 ◦C. C57BL/6J mice and APP/PS1 
mice were purchased from Beijing HFK Bioscience Co. Ltd. All animal 
experiments were performed in accordance with the guidelines 
approved by the Animal Care and Use Committee of the Institute of 
Radiation Medicine, Chinese Academy of Medical Sciences (SYXK2019- 
0002). 

2.2. Macrophage membrane extraction and their vesicles preparation 

Macrophage membranes were isolated from RAW 264.7 cells using a 
membrane protein extraction kit according to the reported method [25]. 
Briefly, RAW 264.7 cells were harvested and washed with PBS by 
centrifugation, and then suspended in the membrane protein extraction 
reagent A (adding 1 mM PMSF before use) and cooled down in an ice 
bath for 15 min. Then, cells were destroyed more than 50 times with a 
pre-cooled glass homogenizer, and the resulting solution was separated 
by centrifugation at 700×g for 10 min at 4 ◦C, then the membranes were 
obtained by centrifugation at 14,000×g for 30 min at 4 ◦C. Cell mem
brane precipitation from 2.5 × 107 cells was suspended with 1 mL 
deionized water and extruded sequentially through 400 nm and 200 nm 
pore-size polycarbonate filters to prepare macrophage membrane vesi
cles using an Avanti mini extruder (Avanti Polar Lipids, USA). 

2.3. Fabrication of OT-Lipo and OT-Lipo@M 

The liposomes were prepared by the thin-film hydration method 
according to previous reports [26,27]. In detail, 80 μmol lipid compo
sitions of DPPC/Cholesterol/DSPE-PEG2000 (6:3:1, molar ratio) were 
dissolved in 4 mL chloroform/methanol (3:1, volume ratio). After 
evaporated in a rotavapor for 20 min at 60 ◦C, the formed lipid films 
were dried under vacuum for 12 h and hydrated at 50 ◦C with 4 mL OT 
solution (1 mg/mL) to obtain liposomes. 4 mL OT solution containing 
20 μL DiO (Beyotime, C1993S) or DiL (Beyotime, C1991S) was used for 
hydration to prepare DiO-labeled or DiL-labeled liposomes. Liposomes 
were then extruded 10 times through 400 nm, 200 nm and 100 nm 
pore-size polycarbonate filters at 45 ◦C. OT-Lipo@M was fabricated by 
coating OT-Lipo with macrophage membranes by a direct extrusion 
method [28]. Briefly, macrophage membrane vesicles prepared above 
were mixed with 1 mL of OT-Lipo, and extruded sequentially through 
400 nm and 200 nm pore-size polycarbonate filters. The final 
OT-Lipo@M was purified by centrifugation (16,000×g, 20 min, 4 ◦C) to 
remove excess free membranes. The unloaded OT was removed by 
high-speed centrifugation (Avanti J-26XP, Beckman, USA) at 40,000×g 
for 1 h at 4 ◦C to obtain OT-Lipo or OT-Lipo@M. 

2.4. Characterization 

The particle size and zeta potential were measured with dynamic 
light scattering instrument (Nano-ZS90 zetasizer, Malvern, UK), and the 
particle morphology was observed using transmission electron micro
scopy (HT7700, HITACHI, Japan) after negative staining with 2% 
phosphotungstic acid solution. UV–vis spectra of OT and liposomes were 
recorded with a spectrophotometer (UV-3600 Plus, SHIMADZU, Japan). 
To detect the protein profiles, samples were separated on a 12.5% SDS- 
PAGE gel by a Mini-PROTEAN Tetra System (Bio-Rad, CA, USA), sub
sequently stained with Coomassie blue and visualized after destaining 
with water. To verify the successful combination of OT-Lipo with 

macrophage membranes, OT-Lipo and macrophage membranes were 
respectively labeled with DiL and DiO according to previous reports 
[29]. Dual-color fluorescein-labeled OT-Lipo@M was then prepared by 
co-extrusion and incubated with BV-2 cells for 6 h. After staining the 
nuclei with DAPI, the colocalization of red (DiL) and green (DiO) fluo
rescence was observed under a laser confocal microscope (A1 HD25, 
Nikon, Japan). 

2.5. EE, LC, and in vitro release of OT 

The standard curve of UV–vis absorption of OT with different con
centrations was plotted based on the characteristic absorption of OT at 
275 nm. Then, 0.5 mL of OT-Lipo or OT-Lipo@M were mixed with 2.5 
mL of methanol and sonicated to demulsify the composite liposomes. 
The encapsulation efficiency (EE%) and the loading capacity (LC%) of 
OT in OT-Lipo and OT-Lipo@M were calculated using the following 
equations: 

EE%=
the amount of loaded OT
the amount of total OT

× 100%  

LC%=
the amount of loaded OT
the amount of liposomes

× 100% 

For detecting in vitro OT release, dialysis bags (MW. Cutoff: 3.5 kDa) 
containing 1 mL of OT-Lipo or OT-Lipo@M were directly immersed in 
PBS (pH = 7.4) and shaken continuously at 100 rpm at 37 ◦C. At the 
indicated time points, the amount of OT released was measured using 
UV–vis spectrophotometry according to the standard curve. 

2.6. In vitro neutralization of LPS by OT-Lipo@M 

LPS solution (7.5 ng/mL) was mixed with the same volume of OT- 
Lipo and OT-Lipo@M, respectively, and then incubated at 37 ◦C for 2 
h. The supernatant was collected by centrifugation to remove liposomes, 
and ELISA was performed and the optical density was measured at 450 
nm with a multi-mode microplate reader to detect the amount of 
remaining LPS. PBS was used as the negative control. 

2.7. Cellular uptake 

To assess the antiphagocytic effect of OT-Lipo@M in vitro, RAW 
264.7 cells were used as a classical in vitro model of macrophages for 
cellular uptake according to previous reports [13,30]. Briefly, RAW 
264.7 cells were seeded in 24-well plates at a density of 4 × 105 

cells/well for 24 h and then incubated with DiO-labeled OT-Lipo and 
OT-Lipo@M for 4 h, respectively. To assess the inflammation-tropism 
ability of OT-Lipo@M in vitro, BV-2 cells were treated with LPS (100 
μg/mL) for 12 h to mimic the cellular inflammatory microenviroment 
and then incubated with DiO-labeled OT-Lipo and OT-Lipo@M for 1 h. 
After staining nuclei with DAPI, cells were observed under a confocal 
laser scanning microscope (A1 HD25, Nikon, Japan). Meanwhile, the 
fluorescence intensity of cells was quantified by flow cytometer (BD 
Accuri™ C6 PlusFlow Cytometer, BD, USA). 

2.8. Cell viability assay 

BV-2 cells and HT22 cells were cultured in 96-well plates at a density 
of 3 × 104 cells/well at 37 ◦C incubator for 24 h. To assess the cyto
toxicity of liposomes, cells were respectively incubated with OT-Lipo or 
OT-Lipo@M containing OT concentration of 3, 12, 24, and 30 μg/mL for 
24 h and 48 h, respectively. To assess the effect of liposomes on LPS- 
stimulated cell viability, cells were pre-incubated with LPS (100 μg/ 
mL) for 12 h and then treated with OT-Lipo or OT-Lipo@M containing 
OT concentration of 6, 12, and 18 μg/mL for 24 h. Then, 10 μL CCK-8 
was added and the absorbance were detected after 2 h at 450 nm with 
a multi-mode microplate reader (BioTek SYNERGY HTX, USA). 
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2.9. Cell immunofluorescence imaging and ELISA assay 

BV-2 cells were cultured in 12-well plates at a density of 2 × 105 

cells/well for 24 h and then treated with LPS (100 μg/mL) for 12 h, 
followed by OT-Lipo, OT-Lipo@M (containing OT concentration of 12 
μg/mL) and Lipo@M incubation for 24 h. After washing with PBS three 
times, cells were fixed in 4% paraformaldehyde (PFA) for 15 min, per
meabilized with Triton X-100 for 10 min, and blocked with 5% Bovine 
Serum Albumin (BSA) for 45 min at 37 ◦C. Cells were incubated over
night at 4 ◦C with the following primary antibodies: Iba-1 (1:300, 
Abcam) and TLR4 (1:200, Affinity). After washing with PBS three times, 
cells were incubated with the appropriate fluorescent-conjugated sec
ondary antibody (1:200, Zhongshan Jinqiao) for 1 h at 37 ◦C. Cells were 
then stained with DAPI and observed using an inverted fluorescence 
microscope (IX73, OLYMPUS, Japan). Images were analyzed using 
ImageJ software. In addition, the levels of TNF-α and IL-1β in the su
pernatant of BV-2 cells after various treatments were measured by ELISA 
assay. 

2.10. BV-2 cell-conditioned media-induced neurotoxicity 

BV-2 cells and HT22 cells were cultured in 96-well plates (3 × 104 

cells/well) for 24 h, respectively. BV-2 cells were treated with LPS (100 
μg/mL) for 12 h, followed by OT-Lipo or OT-Lipo@M containing OT 
concentration of 6, 12, and 18 μg/mL incubation for 24 h. Then, BV-2 
cell-conditioned media (CM) was applied to treat HT22 cells for 
another 24 h. CCK-8 assay was performed to evaluate cell viability of 
HT22 cells. 

BV-2 cells and HT22 cells were cultured in 24-well plates (1 × 105 

cells/well) respectively. BV-2 cells were treated with LPS (100 μg/mL) 
for 12 h, followed by OT-Lipo or OT-Lipo@M containing OT concen
tration of 12 μg/mL incubation for 24 h. Then, BV-2 CM was applied to 
treat HT22 cells for another 24 h. The apoptosis of HT22 cells was 
detected by flow cytometer using the Annexin V-FITC/PI apoptosis 
detection kit according to the manufacturer’s instructions. 

2.11. Brain-targeted, biodistribution and pharmacokinetics studies 

C57BL/6J mice (female, 8-week-old) were intranasally adminis
trated by DiL-labeled OT-Lipo and OT-Lipo@M, respectively, and visu
alized under an in vivo fluorescence imaging system (IVIS® Lumina LT III 
, PerkinElmer) at 10 min, 1 h, 8.5 h, 24 h, and 48 h after administration. 
Meanwhile, the heart, liver, spleen, lung, kidney, and brain were rapidly 
harvested for ex vivo fluorescence imaging at above indicated time 
points. Brain was harvested at 24 h after administration and prepared 
into 20 μm cryosections on a Leica CM1950 cryostat (Germany). After 
stained with DAPI, the images were obtained using Pannoramic digital 
scanners (3D HISTECH, Hungary). To define plasma pharmacokinetics 
of OT-Lipo and OT-Lipo@M, blood samples were collected at indicated 
time points (10 min, 1 h, 2 h, 4 h, 6 h, 8.5 h, 24 h, 48 h, 72 h, 96 h and 
120 h) after administration. The plasma was obtained by centrifugation 
at 3000 rpm for 10 min, and diluted 1:100 with PBS prior to fluorescence 
measurements. The fluorescence intensity was detected using a fluo
respectro photometer (F-7000, Hitachi, Japan). 

2.12. Intracerebral inflammation-tropism studies 

To induce the local inflammation in the hippocampus, the modeling 
protocol based on stereotactic injection of LPS was modified according 
to previous reports [31]. In detail, C57BL/6J mice (male, 24-week-old) 
were kept under anesthesia and positioned in a stereotactic head frame. 
Then, 4 μL 25 μg/μL LPS (Solarbio, Escherichia coli 055:B5, L8880) was 
stereotaxically injected at a constant rate of 200 nL/min into the right 
hippocampus (2.0 mm posterior to the bregma, 1.5 mm right from the 
midline, and 1.5 mm ventral). PBS injection was performed as the sham 
group. Four days later, the mice were intranasally administrated by 

DiL-labeled OT-Lipo and OT-Lipo@M, and then the brain was harvested 
after administration. The sections were incubated with anti-Iba-1 
(1:300, Abcam) and anti-CD68 (1:200, Boster) overnight at 4 ◦C. The 
sections were incubated with FITC-conjugated goat anti-rabbit second
ary antibody (1:200, Sungene Biotech) for 1 h at room temperature. 
Images were obtained under a confocal fluorescence microscope (A1 
HD25, Nikon, Japan). The fluorescence intensities of DiL, Iba-1, and 
CD68 were analyzed and the colocalization of DiL with Iba-1 or CD68 
was calculated using Manders’ overlap coefficient by ImageJ software. 

2.13. In vivo administration 

C57BL/6J mice (female, 24-week-old, n = 15) were intranasally 
administrated with 30 μL saline as the WT group. APP/PS1 mice (female, 
24-week-old) were randomly divided into three groups (n = 15 per 
group) and given the following intranasal administration every other 
day for a total of 12 times: the AD group with 30 μL saline, OT-Lipo 
treatment group with 30 μL OT-Lipo containing 2.7 mg/kg OT, and 
OT-Lipo@M treatment group with 30 μL OT-Lipo@M containing 2.7 
mg/kg OT. The intranasal administration method used in this work was 
modified based on previously published methods [32,33]. Briefly, the 
mice were lightly anesthetized with isoflurane and manually restrained 
in the supine position. To avoid respiratory distress and swallowing, the 
total 30 μL of liquid was divided into 5 to 6 drops and dropped alter
nately in each nostril using a micropipette (Eppendorf P-100), with an 
interval of 1–2 min for complete inhalation. 

2.14. Open field test 

Open field test procedure was adopted from previously described 
methods [34]. Mice were placed into the center of the apparatus and 
locomotor behavior such as total moving distance, mean speed and zone 
crossing number was automatically analyzed using Smart v3.0 video 
tracking software (RWD Life Science Co. Ltd, China). The apparatus was 
cleaned with 70% ethanol between two mice and wiped out with clean 
paper towels. 

2.15. Y-maze test 

Spatial reference memory was assessed by novel arm recognition test 
[35]. Briefly, three arms are designated as start arm, other arm and 
novel arm, and the procedure included training trial and test trial. 
During training trial, novel arm was closed off and mice were placed into 
start arm and allowed to explore the maze for 15 min. After a 1-h in
terval, novel arm was opened for test trial, and mice were re-placed in 
start arm to freely explore all three arms for 5 min. The percentage of 
each arm to all arms in terms of distance traveled, time spent, and 
number of entries were analyzed using Smart v3.0 Video Tracking 
Software (RWD Life Science Co. Ltd, China). Spatial working memory 
was assessed by allowing mice to explore all opened three arms freely for 
8 min. The number of arm entries were recorded and the percentage of 
the alternation behavior were calculated. 

2.16. Two-day water maze 

A two-day water maze test protocol was used to assess spatial 
learning and memory as previously reported [36]. A platform (8 cm in 
diameter) located in the center of the northwest quadrant. On day 1, the 
platform was placed 1 cm above the water surface, and the mice were 
placed in the pool facing the wall alternately from due east and due 
south of the pool farthest from the platform to explore for 180 s, a total 
of 4 times (4 trials), with 1-h intervals between each trial. On day 2, the 
platform was placed 1 cm below the water level, and the mice were 
placed in the pool as described above to explore for 180 s, a total of 3 
times (3 trials), with 1-h intervals between each trial. The swimming 
trajectories of mice were recorded using Smart v3.0 video tracking 
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software (RWD Life Science Co. Ltd, China) and their escape latency, i.e. 
the time to find the platform, was measured. 

2.17. In vivo 9.4T brain MRI 

MRI acquisitions were performed on a 9.4T MRI scanner (Bruker 
BioSpec 94/30 USR, Germany). Mice were anesthetized with isoflurane 
(5% for induction, 1–2% for maintenance). For brain structural MRI, the 
2D T2-weighted TurboRARE sequence was first scanned according to the 
following parameters: repetition time (TR) = 3205 ms, echo time (TE) =
33 ms, field of view (FOV) = 15 mm × 15 mm, number of slices = 20, 
slice thickness = 1 mm. Then, the 3D T2-weighted TurboRARE sequence 
was scanned according to the following parameters: TR = 1800 ms, TE 
= 37 ms, RARE factor = 12, FOV = 18 mm × 18 mm × 9 mm, number of 
slices = 60, slice thickness = 0.15 mm. For hippocampus volume anal
ysis, the acquired MR DICOM files were converted to NIFTI format using 
dcmniix, with augmentation of the voxel size 3 times using DPABI [37]. 
Automatic segmentation of hippocampus was performed based on Tur
one Mouse Brain Atlas and Template (TMBTA) using SPM12 software 
[38]. TMBTA defined the mouse hippocampus into 7 subregions, 
including hippocampal formation, CA1 field, CA2 field, CA3 field, mo
lecular layer of Dentate gyrus (DG), polymorph layer of DG, and granule 
cell layer of DG. The volumes of the relevant layers of DG were summed 
to measure total DG, and the volumes of all subregions were summed to 
measure total hippocampus. To exclude differences in intracranial size, 
total intracranial volume (TIV) was calculated as the concomitant var
iable for normalization of hippocampal volume. For brain T2 map im
aging, the multiple gradient-echo sequence was scanned according to 
the following parameters: TR = 850 ms, TE = 4 ms, flip angle = 25◦, 
FOV = 18 mm × 18 mm, number of slices = 18, slice thickness = 0.141 
mm. For analysis, the hippocampus was manually defined as a region of 
interest (ROI) in MR imaging slices of each mouse, taking care to avoid 
erroneous inclusion of the CSF signals. The hippocampal T2 values of the 
different slices of each mouse were averaged and used as the final 
measurement [39]. 

2.18. Hippocampal long-term potentiation (LTP) recordings 

The mice were sacrificed and brain tissues were rapidly removed and 
placed at 0 ◦C into oxygenated artificial cerebrospinal fluid (ASCF) 
containing 120 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4⋅2H2O, 26.2 
mM NaHCO3, 1.3 mM MgSO4, 11 mM C6H12O6 H2O, and 2.5 mM CaCl2. 
Then, brain tissues were cut into 400 μm thick brain slices using a 
vibrating tissue slicer (VF-2000, Compresstome, USA). Brain slices were 
incubated at 33 ◦C in oxygenated ACSF for at least 1 h, and then 
transferred to the MEA (MEA2100-60, Reutlingen, Germany) perfusion 
chamber. A homemade nylon mesh was placed above the brain slices to 
ensure a tight fit between the brain slices and the electrode array. The 
MEA consists of 60 extracellular electrodes with an electrode spacing of 
200 μm. Each electrode can be served as both a stimulating electrode 
and a recording electrode. After recording a 20-min baseline, high- 
frequency stimulation (HFS, 1 sweep of 100 pulses, 1 s apart) was 
applied on the electrode located in the SC of the hippocampus to induce 
the LTP using an external stimulator (STG-1004, Multi-Channel Systems, 
Germany) [40]. The field excitatory postsynaptic potentials (fEPSPs) in 
the hippocampal CA1 region were subsequently recorded for 100 min by 
LTP-Director 1.3.2 and LTP-Analyzer1.3.2. The data were further 
analyzed using Multi-Channel Systems. 

2.19. Western blotting analysis 

Proteins were extracted from liposome samples, BV-2 cells, and 
hippocampal tissues. Protein concentrations in all groups were 
normalized to be equivalent using a BCA protein detection kit, and equal 
amounts of protein were resolved by SDS-PAGE and subsequently 
transferred to polyvinylidene fluoride (PVDF) membranes. After 

blocking for 1 h at room temperature, the membranes were incubated 
with the primary antibodies as shown in Table S1 at 4 ◦C overnight. 
After washing with Tris-buffered saline with Tween (TBST), the mem
branes were incubated with secondary antibodies for 1 h at room tem
perature. After washing with TBST, the protein bands were visualized by 
the ECL method using ChemiDoc XRS + System (Bio-Rad, USA) and 
protein expression levels were quantified using ImageJ software. 

2.20. Whole-brain TUNEL and immunofluorescence staining 

To investigate apoptosis in vivo, the brain tissues were removed for 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assays using an in situ cell death detection kit. For immunofluorescence 
staining, the paraffin sections were incubated with anti-Aβ (1:100, 
Abcam) at 4 ◦C overnight. Then the sections were incubated with the 
appropriate fluorescent-conjugated secondary antibody (1:2000, 
Zhongshan Jinqiao) at room temperature for 1 h. The images were ob
tained using Pannoramic digital scanners (3D HISTECH, Hungary). 

2.21. Measurement of brain ROS levels 

Brain tissue ROS assay was performed based on the oxidation of 
DCFH-DA (2′,7′-Dichlorodihydrofluorescein diacetate) to DCF (2′,7′- 
Dichlorofluorescein) according to previous protocol [41]. Briefly, brain 
tissues in each group were immediately collected after treatments and 
homogenized in PBS containing PMSF by a bead beater (Precellys Evo
lution, Bertin Technologies, USA), and the homogenate was centrifuged 
at 10,000×g for 10 min at 4 ◦C. The supernatant was diluted 1:2 with 
PBS, and incubated with DCFH-DA (10 μM) at 37 ◦C in the dark for 20 
min. The DCF fluorescence intensity at an emission wavelength of 525 
nm excited at 488 nm was then detected using a fluorospectro 
photometer (F-7000, Hitachi, Japan). The normalized data was 
expressed as a value of 100%. 

2.22. In vivo biosafety 

After the treatment, blood samples were collected from the mice in 
each group to detect routine blood and serum biochemistry including 
white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), 
platelet (PLT), alanine aminotransferase (ALT), aspartate transaminase 
(AST), blood urea nitrogen (BUN), albumin (ALB), creatinine (CR), and 
total bilirubin (TBIL). The nasal septum and major organs (heart, liver, 
spleen, lung, and kidney) were collected and fixed with 4% para
formaldehyde for 24 h, and paraffin-embedded tissue sections were 
prepared for Hematoxylin/eosin staining and then observed under a 
Pannoramic digital scanners (3D HISTECH, Hungary). 

2.23. Statistical analysis 

Statistical analyses were performed using SPSS25 software. All data 
were normally distributed (Shapiro-Wilk normality test) and expressed 
as mean ± SD or mean ± SEM. Significant differences were assessed 
using Student’s t-test or one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test (equal variances) or Dunnett’s T3 post hoc test 
(unequal variances). Values of p < 0.05 were considered as statistically 
significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

3. Results and discussion 

3.1. Fabrication and characterization of OT-Lipo@M 

OT-loaded liposomes (OT-Lipo) were first prepared by the thin film- 
hydration method, followed by extrusion and centrifugation to optimize 
size to 100.89 ± 8.33 nm (PDI = 0.059 ± 0.039) (Fig. 1a). Meanwhile, 
macrophage membranes (MM) extracted from mouse leukaemic 
monocyte-macrophage cells (RAW 264.7) were extruded to obtain 
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homogeneous vesicles. Macrophage membrane vesicles (MMv) and OT- 
Lipo were then co-extruded to obtain OT-Lipo@M with a uniform par
ticle size of 111.27 ± 9.64 nm (PDI = 0.037 ± 0.027) (Fig. 1a). Both OT- 
Lipo and OT-Lipo@M exhibited characteristic UV–visible absorption of 
OT at 275 nm, indicating the successful OT encapsulation (Fig. 1b and 
Fig. S1). The calculated encapsulation efficiency (EE%) and loading 
capacity (LC%) of OT in OT-Lipo were 33.9 ± 4.3% and 15.9 ± 2.1%, 
respectively, while those in OT-Lipo@M were decreased to 32.3 ± 1.1% 
and 8.7 ± 1.1%, respectively (Fig. S2). Both OT-Lipo@M and OT-Lipo 
could release OT slowly and almost completely at 72 h, while the 
release rate of OT-Lipo@M within 24 h was about 10% lower than that 
of OT-Lipo (Fig. 1c). Moreover, no significant particle size increase or 
aggregation was observed in various biological media, including PBS, 
DMEM, and DMEM containing 10% FBS at 4 ◦C within 7 days (Fig. S3), 
indicating good colloidal stability of OT-Lipo@M. 

Negative surface charge of MMv reduced zeta potential from − 9.36 
± 0.69 mV of OT-Lipo to − 14.6 ± 0.87 mV of OT-Lipo@M (Fig. 1d), 
suggesting the successful macrophage membrane coating. As shown in 
Transmission electron microscope (TEM) images, compared with the 
naked spherical structure of OT-Lipo (Fig. S4), OT-Lipo@M clearly 
exhibited a core-shell yolk-like structure with a shell thickness of about 
9 nm (Fig. 1e), which was consistent with particle size difference in DLS 
results (Fig. 1a) and comparable to the average cell membrane thickness 
of 7.5–10 nm [42]. Coomassie blue-stained sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

examine the surface protein profile of OT-Lipo@M, which was found 
very similar to that of macrophages and MM, whereas no membrane 
protein was found on OT-Lipo (Fig. 1f). Since TLR4 is a key PRR capable 
of binding neurotoxins, western blotting was then performed to confirm 
the presence of TLR4 on OT-Lipo@M. The β-actin signal was detected 
only in macrophages, but not in MM and OT-Lipo@M, demonstrating 
the high purity of isolated membranes (Fig. 1g). A distinct band corre
sponding to TLR4 was observed on OT-Lipo@M as well as on macro
phages and MM, but not on OT-Lipo (Fig. 1g), demonstrating that intact 
macrophage membranes were successfully coated on OT-Lipo@M 
without impaired functional proteins. Moreover, dual-color fluo
rescein-labeled OT-Lipo@M was prepared by co-extrusion of 
DiL-labeled OT-Lipo and DiO-labeled MM and incubated with BV-2 cells. 
CLSM images showed a strong co-localized yellow fluorescence signals 
in the cytoplasm (Fig. S4), proving the successful and stable combina
tion of OT-Lipo and MM, laying the foundation for OT-Lipo@M to exert 
a synergistic therapeutic effect. 

3.2. Diverse macrophage-biomimetic properties inherited by OT-Lipo@M 

Next, we verified various biomimetic properties endowed by coating 
macrophage membranes to OT-Lipo@M through a series of in vitro ex
periments. Firstly, natural membranes can help nanomedicines escape 
from capture and clearance by mononuclear phagocyte system (MPS), 
greatly increasing their bioavailability [43]. To assess this 

Fig. 1. Fabrication, characterization, and biomimetic 
properties of OT-Lipo@M. a) DLS sizes. b) UV–vis 
absorption spectra. c) In vitro release profiles of OT 
from free OT, OT-Lipo and OT-Lipo@M in PBS (pH =
7.4) over time (n = 3). d) Zeta potentials (n = 3). e) 
TEM image of OT-Lipo@M. Scale bar: 50 nm. f) 
Protein profiles determined by Coomassie blue- 
stained SDS-PAGE. g) Representative immunoblots 
of TLR4 levels determined by western blotting. h) 
CLSM images of RAW 264.7 cells uptake of DiO- 
labeled OT-Lipo or OT-Lipo@M. Scale bars: 20 μm. 
i) FCM results for cells in h) and j) the corresponding 
mean fluorescence intensity (MFI) quantification (n 
= 3). k) Remaining LPS content after incubation with 
OT-Lipo or OT-Lipo@M determined by ELISA (n = 5). 
l) CLSM images of BV-2 cells stimulated with PBS or 
LPS and treated with DiO-labeled OT-Lipo or OT- 
Lipo@M. Scale bars: 20 μm. m) FCM results for cells 
in l) and n) the corresponding MFI quantification (n 
= 3). Data are presented as mean ± SD. ***p < 0.001, 
one-way ANOVA followed by Tukey’s post hoc test in 
j, k) and Dunnett’s post hoc test in n).   
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anti-phagocytic effect, cellular endocytosis of OT-Lipo@M and OT-Lipo 
in RAW 264.7 cells were visualized by labeling with the lipophilic green 
fluorescence probe DiO under CLSM. Compared with the strikingly high 
green fluorescence signal in the cytoplasm after OT-Lipo treatment, the 
intracellular green fluorescence signal was almost imperceptible after 
OT-Lipo@M treatment (Fig. 1h), revealing the potential of OT-Lipo@M 
to evade immune surveillance. This result was further confirmed by the 
significantly weakened fluorescence intensity in OT-Lipo@M-treated 
cells compared to OT-Lipo-treated cells as shown by flow cytometry 
(FCM) analysis (Fig. 1i and j). 

Secondly, due to the strong affinity of TLR4 for neurotoxins such as 
LPS, macrophage membrane coating is expected to reduce free LPS 
content through competitive binding [8,9]. To evaluate this detoxifi
cation ability, the amount of remaining LPS after incubation with 
OT-Lipo@M and OT-Lipo, respectively, was determined by ELISA assay 
(Fig. S6). The results showed that OT-Lipo@M incubation resulted in a 
prominent drop in LPS levels, while LPS levels after OT-Lipo incubation 
were almost as high as untreated free LPS (Fig. 1k), demonstrating the 
excellent biological neutralization of OT-Lipo@M. Finally, macrophage 
membrane coating can help nanomedicines target inflammatory sites, 

Fig. 2. OT-Lipo@M alleviates TLR4-mediated microglial inflammatory response for neuroprotection. a) Immunofluorescence staining of TLR4 in BV-2 cells and b) 
the corresponding mean fluorescence intensity (MFI) analysis (n = 3). Scale bars: 100 μm. c) Immunofluorescence staining of Iba-1 in BV-2 cells and d) the cor
responding MFI analysis (n = 3). Scale bars: 100 μm. e) Representative immunoblots and f,g) quantitative analysis for TLR4, Iba-1, TNF-α, and IL-1β in BV-2 cells (n 
= 3). h) Cell viability of HT22 cells after various BV-2 CM treatments determined by CCK-8 assay (n = 3). i) FCM analysis of HT22 cell apoptosis after various BV-2 
CM treatments. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Tukey’s post hoc test in b, d, f, 
g) and Dunnett’s post hoc test in h). 
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thereby improving actual efficacy and avoiding side effects [44]. To 
confirm this inflammation-tropism capability, LPS-stimulated mouse 
microglia BV-2 cells were used as an in vitro inflammatory model to 
investigate cellular endocytosis of DiO-labeled OT-Lipo@M and 
OT-Lipo. As expected, OT-Lipo@M exhibited significantly enhanced 
uptake only in inflamed cells, while OT-Lipo showed equally low uptake 
under either PBS or LPS stimulation (Fig. 1l–n). These results revealed 
that, inheriting the advantages of macrophage-derived properties, 
OT-Lipo@M can serve as a promising nanoantidote with great potential 
to actively orientate inflammatory lesions and effectively neutralize 
neurotoxins. 

3.3. OT-Lipo@M alleviates TLR4-mediated microglial inflammatory 
response for neuroprotection 

Microglia has been recognized to establish intercellular communi
cation with neurons through their derived mediators to regulate 
neuronal responses and fate, which play a pivotal role in AD progression. 
BV-2 and HT22 cells, widely recognized in vitro models of mouse 
microglia and hippocampal neurons, respectively, showed nearly 100% 
survival after incubation with OT-Lipo or OT-Lipo@M (Fig. S7), sug
gesting negligible neurotoxicity of this nanoantidote. Consistent with 
previous reports [45], LPS stimulation had little effect on the viability of 
BV-2 cells (Fig. S8). However, immunofluorescence imaging revealed 
that LPS stimulation resulted in a marked increase in TLR4 expression in 
BV-2 cells (Fig. 2a and b) and aggravated staining of ionized 
calcium-binding adaptor molecule 1 (Iba-1), a marker of microglial 
activation (Fig. 2c and d). Encouragingly, OT-Lipo@M treatment 
exhibited a stronger inhibitory effect than OT-Lipo treatment on 
LPS-stimulated TLR4 and Iba-1 elevation (Fig. 2a–d). To further inves
tigate the role of different components of OT-Lipo@M, immunofluo
rescence imaging of TLR4 and Iba-1 was performed after various 
treatments including Lipo@M treatment. The results revealed that the 
upregulation of TLR4 and Iba-1 after LPS stimulation was somewhat 
attenuated after OT-Lipo treatment or Lipo@M treatment, but was 
significantly downregulated after OT-Lipo@M treatment (Fig. S9). 
These results suggested that OT release combined with 
macrophage-biomimetic properties could synergistically inhibit TLR4 
expression and its-mediated microglial overactivation. 

Western blotting analysis showed that the aberrant upregulation of 
TLR4 and Iba-1 under LPS stimulation was significantly attenuated after 
OT-Lipo treatment, which was more pronounced after OT-Lipo@M 
treatment (Fig. 2e and f). To further assess the resulting inflammatory 
products, the expression levels of typical pro-inflammatory cytokines 
such as tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β in 
BV-2 cells were analyzed by western blotting, showing that both levels 
significantly increased by LPS stimulation were more reduced by OT- 
Lipo@M treatment than OT-Lipo treatment (Fig. 2e,g). The levels of 
TNF-α and IL-1β in the supernatant of BV-2 cells detected by ELISA assay 
also showed a similar trend among different treatments (Fig. S10). Then, 
to investigate the neuroprotective effect benefiting from inflammation 
remission, conditioned media (CM) from BV-2 cells after various treat
ments were applied to HT22 cells as previously reported [46]. The 
viability of HT22 cells cultured in LPS-stimulated BV-2 CM dropped 
sharply to 10.96%, which was gradually increased by OT-Lipo condi
tioned treatment in a concentration-dependent manner (Fig. 2h). 
Impressively, OT-Lipo@M conditioned treatment exhibited very strong 
protective effect on the survival of HT22 cells, increasing the viability up 
to 87.22% at 12 μg/mL of OT, much higher than 32.5% raised by 
OT-Lipo conditioned treatment (Fig. 2h). Subsequently, FCM analysis 
based on Annexin V-FITC/PI staining showed that OT-Lipo@M condi
tioned treatment reduced the apoptotic rate of HT22 cells from 49.5% by 
LPS stimulation to 8.0%, more efficient than 16.48% by OT-Lipo 
conditioned treatment (Fig. 2i). Taken together, OT-Lipo@M could 
alleviate TLR4-mediated microglial inflammatory response, thereby 
suppressing inflammation-induced neuronal apoptosis. 

3.4. Brain-targeted and intracerebral inflammation-tropism efficiency of 
OT-Lipo@M 

Overcoming the blood-brain barrier (BBB) is a common challenge for 
drugs for brain diseases. Although intravenously administered nano
carriers can cross the BBB through transporter modification, low 
bioavailability and side effects associated with systemic exposure cannot 
be ignored. Furthermore, such long-term invasive treatment is not 
advisable for chronic CNS diseases such as AD [47]. Nasal-to-brain de
livery has emerged as a compelling noninvasive alternative to directly 
target the brain by bypassing the BBB through the olfactory bulb and 
trigeminal nerve pathways [48]. Therefore, intranasal administration of 
OT-Lipo@M was adopted in this work for in vivo AD treatment. 

To assess the brain-targeted efficiency, OT-Lipo@M and OT-Lipo 
labeled with the lipophilic red fluorescence probe DiL were intrana
sally administered into C57BL/6J mice for in vivo fluorescence imaging, 
respectively. For both DiL-labeled OT-Lipo and OT-Lipo@M, fluores
cence signals were observed in living mouse brain at 10 min post 
administration (Fig. 3a), demonstrating rapid intracerebral transport. 
Brain fluorescence reached the strongest at 24 h post administration, 
and then weakened but a little retained at 48 h post administration, 
during which the accumulation of OT-Lipo@M in the brain was higher 
than that of OT-Lipo (Fig. 3b and c; Figs. S11–13). As shown by ex vivo 
tissue-based biodistribution, OT-Lipo was abundantly enriched in the 
liver at 8.5 h post administration and then gradually metabolized, while 
the hepatic uptake of OT-Lipo@M was consistently low (Fig. 3b,d; 
Fig. S13), further confirming the anti-phagocytic effect of OT-Lipo@M 
revealed by in vitro results (Fig. 1h–j). Moreover, plasma pharmacoki
netics results based on DiL labeling showed that the fluorescence in
tensity of OT-Lipo in the plasma declined sharply at 4 h post 
administration, while that of OT-Lipo@M decreased much more slowly, 
reaching a similar low level at 48 h post administration and almost 
disappearing at 96 h post administration (Fig. S14). Subsequent fluo
rescence observation of brain cryosections showed that the amount of 
DiL-labeled red fluorescence in the hippocampus and cortex was 
significantly higher after OT-Lipo@M administration than after OT-Lipo 
administration (Fig. 3e). These results suggested that intranasally 
administered OT-Lipo@M could efficiently enter the brain and reach AD 
characteristic lesions assisted by macrophage-biomimetic immune sur
veillance escape and relatively long blood circulation. 

It has been reported that stereotactic injection of LPS into the brain 
can induce microglial activation, the release of a variety of pro- 
inflammatory mediators, and cognition dysfunction, which has 
become the common approach for modeling neuroinflammation in vivo 
[49,50]. To further verify the inflammation-tropism efficiency in AD 
characteristic lesions, an in vivo local inflammation model was estab
lished by stereotactic injection of LPS into the right hippocampus of 
C57BL/6J mice, followed by intranasal administration of DiL-labeled 
OT-Lipo@M and OT-Lipo, respectively (Fig. 3f). Confocal immunofluo
rescence imaging of brain cryosections revealed significantly enhanced 
staining of microglial activation biomarkers, Iba-1 and cluster of dif
ferentiation 68 (CD68), in the right hippocampus and cortex of 
LPS-injected mice compared to sham-operated mice (Fig. 3g,i; Fig. S15), 
indicating LPS-induced local inflammatory episodes. Considerably 
strong DiL-labeled red fluorescence signals were found in the right 
hippocampus and cortex of LPS-injected mice after OT-Lipo@M 
administration, compared with weak DiL-labeled red fluorescence sig
nals in local inflammatory sites in mouse brain after OT-Lipo adminis
tration (Fig. 3g,i; Fig. S16). More importantly, OT-Lipo@M exhibited 
more pronounced colocalization of DiL-labeled red fluorescence with 
Iba-1 or CD68 staining than OT-Lipo (Fig. 3h,j). These results strongly 
supported the enhanced endocytosis of OT-Lipo@M in inflamed BV-2 
cells (Fig. 1l–n), confirming that OT-Lipo@M inherited the ability of 
macrophages to be efficiently recruited to inflammation sites in vivo, 
contributing to improve subsequent therapeutic efficacy. 

M. Cheng et al.                                                                                                                                                                                                                                  



Bioactive Materials 26 (2023) 337–352

345

3.5. OT-Lipo@M treatment ameliorates cognitive deficits in AD mice 

Encouraged by the satisfactory in vitro efficacy and intracerebral 
inflammation-tropism efficiency, we further investigated whether OT- 
Lipo@M could achieve effective treatment in AD mice. As a widely 
recognized AD animal model, APP/PS1 mice already exhibit many 
obvious progressive AD pathological features at 24 weeks of age, such as 
neuroinflammation, Aβ deposition, synaptic plasticity impairment, and 
cognitive dysfunction [51,52]. Therefore, 24-week-old APP/PS1 mice 
were selected in this work and intranasally administered with OT-Lipo 
or OT-Lipo@M every other day for a total of 12 times, followed by a 
series of assessment procedures that began with various behavioral 
paradigms including open field, Y-maze, and two-day water maze tests 
to evaluate cognitive function in mice (Fig. 4a). Open field test (OFT) is 

commonly used to judge the voluntary movement and emotional 
behavior of mice [53]. The moving trajectories of AD mice were found to 
be denser than those of WT mice (Fig. 4b), accompanied by significant 
increases in quantified total moving distance, mean speed, and zone 
crossing number (Fig. 4c–e), suggesting that AD mice exhibited hyper
kinesia as the previously reported [54]. Both OT-Lipo and OT-Lipo@M 
treatments exhibited significant effects in reducing the above in
dicators, and the latter improved the motor performance of AD mice to 
almost the normal level of WT mice. 

Y-maze test utilizes rodents’ instinct to explore new environments to 
reflect the spatial discrimination memory in mice [35,55]. Spatial 
reference memory, contributing to the formation of long-term memory 
by acquiring general rules through repeated learning, was assessed by 
examining mice’s entry preference for the novel arm that was closed off 

Fig. 3. Brain-targeted and intracerebral 
inflammation-tropism efficiency of OT-Lipo@M. a) In 
vivo fluorescence images of C57BL/6J mice adminis
tered with DiL-labeled OT-Lipo or OT-Lipo@M at 
indicated time points. b) Ex vivo fluorescence images 
of isolated brain tissues and major organs (H: heart, 
Li: liver, S: spleen, Lu: lung, K: kidney and B: brain) at 
indicated time points. Group number: I: Control; II: 
OT-Lipo; III: OT-Lipo@M. c,d) Quantitative ex vivo 
fluorescence analysis of c) brain and d) liver (n = 3). 
e) Fluorescence images of the hippocampus and cor
tex in brain cryosections of C57BL/6J mice after DiL- 
labeled OT-Lipo or OT-Lipo@M administration. Red: 
DiL labeling; Blue: DAPI. Scale bars: 50 μm for over
view images, 20 μm for magnified images. f) Sche
matic schedule of inflammation-tropism evaluation 
experiment. g,i) Confocal immunofluorescence im
ages of g) Iba-1 and i) CD68 staining in the hippo
campus and cortex in brain cryosections of LPS- 
injected mice after DiL-labeled OT-Lipo or OT- 
Lipo@M administration. Scale bars: 50 μm for over
view images, 20 μm for magnified images. h,j) 
Quantitative analysis of DiL-labeled red fluorescence 
colocalized with h) Iba-1 and j) CD68 staining (n =
3). Data are presented as mean ± SD. *p < 0.05, **p 
< 0.01, ****p < 0.0001, one-way ANOVA followed 
by Tukey’s post hoc test in c,d) and Student’s t-test in 
h,j).   
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during the training phase and opened during the test phase [56,57]. The 
moving traces of WT mice were more concentrated in the novel arm, 
while AD mice showed no curiosity about the novel arm (Fig. 4f), 
indicating that APP/PS1 mice had very poor spatial reference memory. 
Impressively, OT-Lipo@M treatment significantly increased spatial 
novelty preference in AD mice, showing superior efficacy than OT-Lipo 
treatment in percentage of distance traveled and time spent in the novel 
arm (Fig. 4g and h; Fig. S17), without much change in percentage of 
number of entries (Fig. 4i). There were no significant differences in total 
distance and mean speed between four groups (Fig. S18), indicating 
normal motor capacity in all mice. Furthermore, spatial working 

memory, a form of short-term memory with temporary processing and 
limited information storage, was assessed by allowing mice to freely 
explore all three arms [35]. The somewhat reduced number of entries in 
total arms (Fig. S19) further supported the OFT results (Fig. 4b–e), 
indicating the inhibitory effect of OT-Lipo@M on AD-induced hyperki
nesia. The apparent decline of spontaneous alternation percentage in AD 
mice was slightly restored by both OT-Lipo and OT-Lipo@M treaments 
(Fig. 4j). 

Two-day water maze test, consisting of four visible-platform training 
trials on day 1 and three hidden-platform probe trials on day 2, has 
recently been successfully validated for evaluating spatial learning and 

Fig. 4. OT-Lipo@M treatment ameliorates cognitive 
deficits in AD mice. a) Schematic illustration of in vivo 
treatment and efficacy evaluation. b) Representative 
moving trajectory, c) total moving distance, d) mean 
speed, and e) zone crossing number in OFT. f) 
Representative moving trajectory in Y-maze reference 
memory test and the percentage of g) distance trav
eled, h) time spent, and i) number of entries in the 
novel arm. j) The percentage of spontaneous alter
nation in Y-maze working memory test. k) Repre
sentative swimming paths in the hidden-platform 
probe phase of two-day water maze test. l) Escape 
latency recorded for each trial daily. m) Escape la
tency recorded on day 1 trial 4 (D1T4) and day 2 trial 
1 (D2T1). n) Latency ratio by D2T1/D1T4. Data are 
presented as mean ± SD in c-e), g-j) and mean ± SEM 
in l-n) (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, 
one-way ANOVA followed by Tukey’s post hoc test.   
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memory impairment in animal models of neurodegenerative diseases 
[36,58,59]. Compared with traditional Morris water maze (MWM), this 
paradigm has many advantages as follows [60]. First, visible-platform 
training reduced the fear and stress caused by the hidden platform in 
mice, which can avoid desperate floating behavior and reflect more 
realistic escape behavior. Second, the last training trial on day 1 pro
vided an individual baseline that can improve the sensitivity and accu
racy of memory detection on day 2. Finally, the protocol of only two 
days can greatly save time and labor costs, making it very attractive for 
behavioral evaluation in aged or CNS disease-affected mice with poor 
physical and exercise capacity. Therefore, two-day water maze protocol 

was adopted in this work for evaluating spatial learning and memory in 
AD mice. 

During the visible-platform training phase on day 1, mice in all four 
groups could find the visible platform, while escape latency was found 
longer in AD mice than WT mice and obviously shortened in OT- 
Lipo@M-treated mice (Fig. 4l), indicating that OT-Lipo@M treatment 
promoted the learning ability of AD mice. During the hidden-platform 
probe phase on day 2, AD mice spent much more time navigating to 
the platform than WT mice (Fig. 4k,m), suggesting severely impaired 
spatial memory in AD mice. Notably, OT-Lipo-treated mice exhibited 
slightly improved orientation to the platform compared to AD mice, 

Fig. 5. OT-Lipo@M treatment delays impairments to hippocampal structure and synaptic plasticity. a) Coronal and axial atlas of mouse brain anatomical template 
annotated with major hippocampal subregions (Red: CA1; Green: CA2; Yellow: CA3; Blue: DG) and representative T2-weighted MRI images of mouse brain with 
hippocampus location highlighted with black dashed lines. b) Volumetric analysis of the hippocampus and its subregions (n = 6). c) Representative T2 map images 
and d) T2 relaxation time measured in the hippocampus (n = 6). e) Schematic of LTP recording at CA3-CA1 synapses in hippocampal slices of mice. f) Normalized 
fEPSP slopes over time before and after HFS. g) Representative traces of fEPSPs before and at 100 min after HFS. h) Cumulative measurement of mean fEPSP slopes 
from 91 min to 100 min after HFS (9 slices from 3 mice/group). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA followed 
by Tukey’s post hoc test. 
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while OT-Lipo@M-treated mice reached the platform almost as quickly 
as WT mice (Fig. 4k,m). The ratio of escape latency between the first 
trial on day 2 and the last trial on day 1 (D2T1/D1T4) was further 
calculated to quantitatively assess the extent of memory retention. The 
results showed that the D2T1/D1T4 ratio in the AD group was signifi
cantly higher than that in the WT group, but was dramatically shortened 
only by OT-Lipo@M treatment (Fig. 4n). In addition, no significant 
difference in swimming speed between groups during all trials indicated 
unimpaired swimming ability (Fig. S20). These findings strongly 
demonstrated that OT-Lipo@M treatment could remarkedly ameliorate 
cognitive deficits in AD mice. 

3.6. OT-Lipo@M treatment delays impairments to hippocampal structure 
and synaptic plasticity 

Noninvasive advanced magnetic resonance imaging (MRI) technol
ogy can provide multi-dimensional structural and functional informa
tion of the brain, and its application has high clinical significance for 
accurate diagnosis and efficacy evaluation of AD [61]. Given that hip
pocampal atrophy is considered the most important imaging marker of 
AD, structural MRI (sMRI) was performed immediately following 
behavioral assessment [62]. Brain sMRI images were acquired using 3D 
T2-weighted TurboRARE sequence, followed by automatic segmenta
tion of the hippocampus and its subregions based on Turone Mouse 
Brain Atlas and Template (TMBTA) and corresponding volumetric 
quantification. The results showed that the marked hippocampal atro
phy in AD mice (p = 0.006 vs. WT group) was alleviated by both OT-Lipo 
(p = 0.157 vs. AD group) and OT-Lipo@M (p = 0.047 vs. AD group) 
treatments (Fig. 5a and b). The same trend was also observed in all 
studied subregions, especially in the CA2, CA3 and dentate gyrus (DG) 
regions, and only OT-Lipo@M treatment significantly reduced volume 
shrinkage in AD mice (Fig. 5b). 

Notably, brain microstructural disruption often precedes volume 
shrinkage in AD characteristic brain regions such as the hippocampus, 
which can be assessed by changes in tissue intrinsic MR physical pa
rameters [63]. Among them, T2 relaxation time can reflect the micro
structural integrity changes caused by various pathological changes in 
the brain [64]. Many studies have revealed that AD progression is al
ways accompanied by a decrease in brain T2 values [65,66]. Therefore, 
T2 mapping MRI was performed using multi-gradient-echo (MGE) 
sequence to quantitatively detect T2 values in the hippocampus. As 
shown in axial brain T2 map images, the T2 signal intensity was atten
uated in the hippocampus of AD mice compared with WT mice and 
recovered to some extent after OT-Lipo or OT-Lipo@M treatment 
(Fig. 5c). Quantitative analysis of T2 values showed that only 
OT-Lipo@M (p = 0.465 vs. AD group) treatment prevented the decline in 
hippocampal T2 values in AD mice (p = 0.053 vs. WT mice) (Fig. 5d). 
These results suggested that OT-Lipo@M treatment could delay hippo
campal atrophy and brain microstructural disruption during AD 
progression. 

Synaptic plasticity is a critical neurobiological basis for learning and 
memory and plays a key role in information encoding, storage, and 
persistence [67,68]. Encouraged by OT-Lipo@M improving cognitive 
function and hippocampal structure in AD mice, we further investigated 
the impact of OT-Lipo@M treatment on long-term potentiation (LTP) at 
hippocampal CA3-CA1 synapses (Fig. 5e). Recording of field excitatory 
postsynaptic potentials (fEPSPs) showed that their slopes decreased 
sharply in the AD group after application of HFS, which was effectively 
increased after OT-Lipo treatment and further increased closer to the WT 
group after OT-Lipo@M treatment (Fig. 5f). Both OT-Lipo and 
OT-Lipo@M treatments significantly expanded severely compressed 
fEPSP amplitudes in AD mice at 100 min after HFS (Fig. 5g). Quantita
tive analysis showed that OT-Lipo@M treatment exhibited more pro
nounced synaptic potentiation than OT-Lipo treatment (Fig. 5h). These 
results suggested that OT-Lipo@M treatment could effectively amelio
rate the impaired synaptic plasticity in AD mice. 

3.7. OT-Lipo@M inhibits TLR4-mediated pro-inflammatory signalling 
cascade to combat neurodegeneration 

To further clarify the underlying molecular mechanisms regulated by 
OT-Lipo@M, immunofluorescence staining of mouse brain sections was 
first performed to assess neuronal apoptosis and Aβ deposition distri
bution. TUNEL (TdT-mediated dUTP nick-end labeling) results showed 
that green fluorescence-labeled apoptotic cells were increased signifi
cantly in the cortex and hippocampus of AD mice, but were barely 
observed after OT-Lipo@M treatment (Fig. 6a), further confirming the 
neuroprotective effect of OT-Lipo@M against neuronal apoptosis 
revealed by in vitro results (Fig. 2h and i). Intriguingly, Aβ aggregate 
staining showed that red fluorescence intensity and distribution accu
mulated in the cortex and hippocampus of the AD group recovered 
almost to the same low level as those of the WT group after OT-Lipo@M 
treatment (Fig. 6b), indicating that OT-Lipo@M exerted a potent 
inhibitory effect on Aβ deposits in AD mouse brain. In addition, the 
histological ROS level detection based on DCFH-DA assay showed that 
OT-Lipo@M treatment greatly inhibited the increase in ROS production 
in AD mouse brain (Fig. S21), indicating effective alleviation of oxida
tive stress, further revealing the relief of neurotoxicity by OT-Lipo@M. 

Given that Aβ deposits in AD brain can act as a neurotoxin to bind 
TLR4 and induce pro-inflammatory response, Iba-1 and TLR4 levels in 
the hippocampus were first examined by western blotting, and their 
marked decrease suggested that OT-Lipo@M treatment greatly attenu
ated microglial overactivation and TLR4 upregulation (Fig. 6c and d), 
consistent with the corresponding cellular results (Fig. 2a–f). Further 
analysis shows that Myd88 levels were significantly decreased after OT- 
Lipo@M treatment compared with the AD group (Fig. 6c,e), accompa
nied by significantly downregulated phosphorylation levels of c-Jun N- 
terminal protein kinase (JNK) and p38 (Fig. 6g–i), indicating that OT- 
Lipo@M treatment effectively blocked the recruitment of Myd88 and 
its induced mitogen-activated protein kinase (MAPK) cascade [69,70]. 
The resulting inhibition of nuclear factor-κB (NF-κB) expression in the 
AD group by OT-Lipo@M treatment ultimately effectively reduced the 
transcriptional upregulation of pro-inflammatory cytokines TNF-α and 
IL-1β (Fig. 6e and f). These results demonstrated that 
TLR4/Myd88/MAPK/NF-κB signalling could be inhibited by 
OT-Lipo@M to ameliorate hippocampal neuroinflammation in AD 
progression. 

Extracellular regulated kinase (ERK)/MAPK signalling plays a vital 
role in LTP enhancement and memory consolidation [71]. Encouraged 
by LTP recording results (Fig. 5e–h), ERK phosphorylation was exam
ined and found to be greatly reduced in the AD group, which was 
significantly reversed by OT-Lipo@M treatment (Fig. 6g,j). The levels of 
presynaptic protein synapsin 1 (SYN1) and postsynaptic density protein 
95 (PSD95) in the hippocampus of OT-Lipo@M-treated mice were also 
obviously increased compared with AD mice (Fig. 6k,l), further sug
gesting the protective effect of OT-Lipo@M on synaptic function. 
Furthermore, the increased levels of proapoptotic proteins caspase-3 
and p53 in AD mice were significantly reduced after OT-Lipo@M 
treatment (Fig. 6k,m), supporting brain TUNEL fluorescence staining 
results (Fig. 6a). Overall, OT-Lipo treatment showed favorable effects in 
inhibiting TLR4-mediated pro-inflammatory signalling cascade and 
rescuing its associated neurodegeneration (Fig. 6n), but OT-Lipo@M 
showed much stronger efficacy. These findings strongly validated the 
two-pronged AD therapeutic strategy exerted by OT-Lipo@M through 
combining macrophage-biomimetic detoxification and neurobiological 
regulation of OT. 

Considering future drug development and possible clinical applica
tions, the biosafety of OT-Lipo@M was preliminarily investigated. Cell 
viability assays have demonstrated extremely low neurotoxicity of OT- 
Lipo@M (Fig. S7), most likely attributable to good biocompatibility of 
human endocrine OT and natural membranes as well as FDA-approved 
liposome components. After AD mice treated with OT-Lipo or OT- 
Lipo@M, blood routine parameters (WBC, RBC, HGB and PLT) and 
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serum enzyme levels (ALT, AST, BUN, ALB, CR and TBIL) showed no 
statistic significant change among four groups, indicating that OT- 
Lipo@M treatment did not cause any obvious hematological, hepatic, 
and renal toxicity (Fig. S22). Hematoxylin/eosin staining revealed no 
notable damage observed in nasal mucosa and main organs (heart, liver, 
spleen, lung and kidney) (Fig. S23). In addition, although systemic 
exposure to OT-Lipo@M is very low (Fig. 3b), small amounts of OT 
released may reach its peripheral target organs, such as the uterus, 
ovaries, and breasts, so its use should be carefully considered during 
pregnancy and lactation. 

4. Conclusion 

In summary, a highly potent and versatile nanoantidote OT-Lipo@M 
based on macrophage membrane engineering was successfully devel
oped to inhibit neurotoxin-induced immune recognition and pro- 
inflammatory response for neuroinflammation-targeted therapy in AD. 
By virtue of the inherent anti-phagocytic and inflammation-tropism 
properties of coating macrophage membranes, OT-Lipo@M can 
actively target the neuroinflammatory sites in AD characteristic brain 
regions. Afterwards, coating macrophage membranes can neutralize 

Fig. 6. OT-Lipo@M inhibits TLR4-mediated pro-inflammatory signalling cascade to combat neurodegeneration. a) TUNEL fluorescence images of mouse brain 
sections. Scale bar: 200 μm. b) Immunofluorescence images of Aβ aggregates of mouse brain sections. Scale bar: 200 μm. c,g,k) Representative immunoblots and 
quantitative analysis for d) Iba-1 and TLR4, e) Myd88 and NF-κB, f) TNF-α and IL-1β, h) JNK and p-JNK, i) p38 and p-p38, j) ERK and p-ERK, l) SYN1 and PSD95, and 
m) p53 and caspase-3 (n = 3). Group number: I: WT; II: AD; III: OT-Lipo treatment; IV: OT-Lipo@M treatment. n) Schematic illustration showing the pathological 
molecular mechanisms regulated by OT-Lipo@M. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA followed by Tukey’s 
post hoc test. 
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neurotoxins, while OT is released to inhibit immune recognition of 
neurotoxins by microglia and TLR4-mediated pro-inflammatory signal
ling cascade, synergistically suppressing inflammation response. 
Benefiting from significantly relieved chronic neuroinflammation by 
this therapeutic strategy of OT-Lipo@M, neurodegenerative features 
including hippocampal atrophy and microstructural disruption, 
neuronal apoptosis, and impaired synaptic plasticity were all rescued, 
ultimately promoting the recovery of cognitive function in AD mice. 
This work highlights the potential of biomimetic nanoantidotes to 
comprehensively inhibit the onset of microglia-mediated neuro
inflammation for AD therapy by neutralizing neurotoxins and sup
pressing immune recognition. Encouraged by our results, OT-Lipo@M is 
expected to nip the neuroinflammation-derived AD pathology in the bud 
and contribute to the early prevention of AD. Moreover, many PRRs 
other than TLR4 will also serve as blocking targets for microglia to 
recognize neurotoxins, and thus the loaded drugs will be variable 
accordingly. Meanwhile, different polarization types of membrane- 
derived macrophages accompanied by changes in PRR expression 
deserve further attention in the design of future biomimetic 
nanosystems. 
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