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Mechanotransduction Activates Microglia and Impairs
Phagocytosis in Stiff Amyloid-𝜷 Plaques

Yulin Liu, Junjie Zhang, Yuxiang Zhao, Feixiang Fang, Siyu Zhang, Qiqi An, Jian Zhuang,*
Feng Xu,* and Fei Li*

In Alzheimer’s disease (AD), microglia are activated by mechanical and
biochemical cues in the amyloid-𝜷 (A𝜷) plaque-associated microenvironment,
causing neuroinflammation. While the impact of A𝜷 stiffness on microglial
activation and the dynamic interplay between inflammation and phagocytosis
remain unclear. Here, an in vitro A𝜷 plaque-associated microglia
microenvironment model is built and investigated how the stiffness of A𝜷
plaques triggers microglial activation via the PIEZO1 mechanotransduction
pathway. Scanning electrochemical microscopy and scanning ion
conductance microscopy are employed to in situ monitor reactive oxygen
species release, membrane permeability, and phagocytic activity of microglia.
It is found that A𝜷 stiffness drives early microglial activation, forming an
oxidative-stressed microenvironment that impairs the membrane integrity of
microglia. And the antioxidant-resveratrol effectively improves the
phagocytosis dysfunction of the impaired microglia. This work reveals the
complex interplay among mechanical cues, neuroinflammation, and
phagocytic dysfunction in microglia and suggests potential therapeutic
strategies targeting microglial dysfunction in AD.
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1. Introduction

Alzheimer’s disease (AD) is a destructive
neurodegenerative disorder and the fore-
most cause of dementia globally, affect-
ing millions and imposing substantial so-
cial and economic burdens on healthcare
systems.[1] A pathological feature of AD is
the accumulation of amyloid-𝛽 (A𝛽) pep-
tides, which aggregate to form insoluble
and stiff fibrillary plaques in the brain’s ex-
tracellular matrix.[2,3] These A𝛽 plaques dis-
rupt neuronal function and initiate a cas-
cade of neuroinflammatory responses, ulti-
mately leading to synaptic dysfunction and
neuronal loss.[4]

Microglia, the macrophage-like immune
cells of the central nervous system, play
a crucial role in AD by mediating both
neuroprotective and neurotoxic effects.[5]

They are essential for maintaining neu-
ral homeostasis through the phagocytosis
of cellular debris and the modulation of

inflammatory responses.[6] Upon encountering A𝛽 plaques, mi-
croglia become activated and migrate toward these deposits.[7]

While this activation is initially protective, chronic activation
leads to the overproduction of pro-inflammatory factors and re-
active oxygen species (ROS), exacerbating neuronal damage.[8,9]

Notably, the mechanical stiffness of A𝛽 plaques, exceeding
1 MPa, has been identified as a critical factor in triggering mi-
croglial activation via mechanotransduction pathways.[9] Despite
extensive research on the biochemical interactions between mi-
croglia and A𝛽, the mechanistic understanding of how the me-
chanical properties of A𝛽 plaques influence microglial activation
and neuroinflammation remains incomplete.
Emerging evidence underscores the significance of

mechanosensitive ion channels, such as PIEZO1, in medi-
ating cellular responses to mechanical stimuli.[10,11] Activa-
tion of PIEZO1 facilitates calcium (Ca2+) influx, initiating
downstream signaling cascades that modulate inflamma-
tory responses.[12] However, the specific role of PIEZO1 in
microglial activation induced by the mechanical stiffness
of A𝛽 plaques has not been fully elucidated. Furthermore,
enhancing microglia-mediated A𝛽 clearance is a promising
therapeutic strategy for AD.[13] Yet, the interplay among me-
chanical cues, oxidative stress, and phagocytic dysfunction
in microglia during the A𝛽 clearance process remains poorly
understood. Addressing these gaps is crucial for identifying
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Scheme 1. Schematic diagram of the investigation of microglial activation in the A𝛽 clearance process. A) Illustration of microglia in response to A𝛽
plaques in the brain; B) Schematic diagram of the activation process of A𝛽 plaque-associated microglia and functional change of microglia during the
A𝛽 clearance process; C) In situ monitoring of changes in H2O2 levels, membrane permeability, and A𝛽 phagocytosis of microglia in the A𝛽 clearance
process using SECM and SICM.

novel therapeutic targets and refining strategies to mitigate AD
progression.
The early activation of A𝛽 plaque-associated microglia can in-

fluence the functions of surrounding non-activated microglia
by altering the local neuroinflammatory microenvironment,[14]

there is still an unmet need for in situ monitoring of these
rapid changes and their impact on microglial dysfunction near
A𝛽 plaques. Scanning electrochemical microscopy (SECM) and
scanning ion conductance microscopy (SICM) are two kinds
of electrochemical principle-based advanced scanning probe
microscopy techniques that utilize micro/nanoelectrodes or
nanopipettes to record faradaic or ionic currents of species in
solution.[15,16] These two techniques offer noninvasive measure-
ments with high temporal and spatial resolutions, making them
ideal for dynamically tracking various cellular processes and
species at the single-cell level,[17,18] and have been successfully
applied to study neuronal functions, including exocytosis,[19]

cellular membrane integrity,[20] oxidative stress state,[21] ion
channel[22] and cellular membrane structure.[23] The integration
of SECM and SICM thus provides a robust approach formonitor-

ing the dynamic changes inmicroglial dysfunction, neuroinflam-
mation, and phagocytic activity during the A𝛽 clearance process.
In this study, we propose that the stiffness of A𝛽 plaques acti-

vates microglia via the PIEZO1 mechanosensing pathway, lead-
ing to early activation and neuroinflammation, which in turn
impair microglial phagocytic function. To test this hypothesis,
we first developed an in vitro A𝛽 plaque-associated microenvi-
ronment by culturing BV2 cells on polyacrylamide (PA) gels de-
posited with A𝛽 plaques that mimic the mechanical stiffness
of AD brain tissue. Then we used SECM and fluorescence mi-
croscopy to monitor the oxidative stress and cellular responses.
We find that the mechanical stiffness of A𝛽 plaques activates
microglia via the PIEZO1 pathway, leading to early extracellular
hydrogen peroxide (H2O2) production before intracellular ROS
accumulation and pro-inflammatory factor release (Scheme 1).
Furthermore, we demonstrate that resveratrol, a potent antioxi-
dant, mitigates oxidative stress, reduces neuroinflammation, and
preserves microglial phagocytic activity by maintaining the ex-
pression of Triggering Receptor Expressed on Myeloid cells 2
(Trem2), a key modulator of phagocytosis. Additionally, SICM
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provides real-time observations of microglial interactions with
A𝛽 oligomers on the cell membrane, offering novel insights into
the mechanisms of A𝛽 clearance. Collectively, our study eluci-
dates amechanotransduction-mediated pathway ofmicroglial ac-
tivation induced by A𝛽 plaque stiffness and highlights the ther-
apeutic potential of antioxidants like resveratrol in modulating
microglial function. These findings contribute to our better un-
derstanding of AD pathogenesis and suggest new strategies for
developing treatments targeting microglial dysfunction.

2. Results

2.1. An In Vitro A𝜷 Plaque-Associated Microenvironment Induces
Microglial Extracellular H2O2 Production Preceding Intracellular
ROS Accumulation and Pro-Inflammatory Factor Generation

To mimic the stiffness of brain tissue in the vicinity of A𝛽
plaques (≈600 Pa),[9] we prepared the PA gels with the stiffness
of 575.7 ± 82.7 Pa (Figure S1, Supporting Information). To simu-
late the A𝛽 plaque-associated microenvironment and the process
of A𝛽 clearance by microglia at the early, middle, and late stages
of A𝛽 pathology, we incubated A𝛽 plaques onto the PA gels and
seeded BV2 cells on the PA gels for incubation periods of 2 to
12 h (Figure 1A). We used laser confocal microscopy to assess
microglial activation during A𝛽 clearance (Figure 1B), demon-
strating that A𝛽 plaques are stably deposited on the PA gels and
microglia cluster around these plaques to eliminate A𝛽. Addition-
ally, the BV2 cells exhibit phagocytic activity by internalizing and
clearing A𝛽, alongside an oxidative stress state characterized by
continuous ROS production and plaque isolation during the A𝛽
clearance process (Figure 1B). These observations align with pre-
vious reports,[7,24] and indicate that microglia convert into an acti-
vated state during A𝛽 clearance, leading to alterations in oxidative
stress and neuroinflammatory states.[25]

ROS, the pro-inflammatory signaling molecules, play a cru-
cial role in immune responses under oxidative stress and
neuroinflammation.[21] Extracellular ROS, in particular, acts as
an upstream signal for intracellular inflammatory cascades, sig-
nificantly contributing to microglial activation throughout AD
progression.[24] To characterize the oxidative stress and neuroin-
flammatory state of microglia during A𝛽 clearance, we used
SECMcombinedwith fluorescencemicroscopy to in situmonitor
extracellularH2O2 levels and intracellular ROS levels in BV2 cells
cultured on 575.7 Pa PA gels after incubation with A𝛽 plaques
for 2, 4, 8, and 12 h (Figure 1C,D). After 4 h of incubation with
A𝛽 plaques, fluorescence imaging shows no significant intracel-
lular ROS signal in BV2 cells (Figure 1C). However, the SECM
measurements reveal dramatically enhanced extracellular H2O2
oxidation currents with periodic fluctuations (Figure 1D; Figure
S2, Supporting Information). These results indicate that extracel-
lular H2O2 production precedes intracellular ROS accumulation,
suggesting a prioritized extracellular response in microglial acti-
vation.
We further monitored changes in both intracellular ROS and

extracellular H2O2 levels in BV2 cells after 8 and 12 h of in-
cubation with A𝛽 plaques. We observe that fluorescence sig-
nals for intracellular ROS in BV2 cells increase significantly
with prolonged incubation time (Figure 1C). The H2O2 oxida-
tion currents after 12 h are significantly higher than those af-

ter 4 and 8 h, while no significant difference is observed be-
tween the 4 and 8 h (Figure 1D). These results indicate that
intracellular ROS levels in BV2 cells increase markedly dur-
ing the 4–8 h period of A𝛽 phagocytosis, whereas extracellu-
lar ROS levels remain relatively show no obvious change, pos-
sibly due to that the extracellular ROS is scavenged by sur-
rounding microglia.[24] After 12 h of incubation, both intra-
cellular and extracellular ROS levels in BV2 cells increase,
likely due to the disruption of redox balance caused by sus-
tained A𝛽 phagocytosis. This imbalance contributes to the forma-
tion of extracellular oxidative stress, disturbing nervous system
homeostasis.[25]

To further quantify the changes in the extracellular H2O2 lev-
els during the A𝛽 clearance process, we derived the charges of
the extracellular H2O2 of BV2 cells by time-integrating the H2O2
oxidation current signals after incubation with A𝛽 plaques for 2,
4, 8, and 12 h. The charges are 7.4 ± 2.4, 39.1 ± 6.9, 40.4 ± 5.8,
and 57.5± 5.6 pC, respectively (Figure 1D). These results demon-
strate that extracellular H2O2 levels increase with prolonged in-
cubation time, indicating a shift from sustained to excessive ROS
levels, which can trigger a pro-inflammatory response during A𝛽
clearance.[24]

Next, we assessed pro-inflammatory factor production in BV2
cells during A𝛽 clearance by measuring tumor necrosis factor-
alpha (TNF-𝛼), interleukin-1 beta (IL-1𝛽), interleukin-6 (IL-6),
and nitric oxide (NO) levels. We observe no significant changes
in TNF-𝛼, IL-1𝛽, IL-6, and NO concentrations after 4 h of in-
cubation (Figure 1E), indicating that productions of these pro-
inflammatory factors occur after extracellular H2O2 production.
After 8 h of incubation, levels of these pro-inflammatory fac-
tors begin to increase gradually. Following 12 h of incubation,
we observe significant increases in the relative levels of TNF-𝛼,
IL-1𝛽, IL-6, and NO concentrations in BV2 cells by 1.8 ± 0.10,
1.84 ± 0.14, 1.48 ± 0.09, and 7.45 ± 1.31 μm, respectively
(Figure 1E). These findings demonstrate that with A𝛽 plaques,
both pro-inflammatory factors and ROS levels in BV2 cells sig-
nificantly upregulate with prolonged incubation time, with ex-
tracellular H2O2 production preceding the increase of other pro-
inflammatory factors.
Collectively, our findings demonstrate that extracellular H2O2

production by microglia precedes intracellular ROS accumula-
tion and pro-inflammatory factor production during the early
stages of A𝛽 clearance. This early extracellular H2O2 production
characterizes early microglial activation, serving as a trigger be-
tween neuroinflammation and early A𝛽 pathology.[26]

2.2. Stiffness of A𝜷 Plaques Triggers Microglial Activation via
PIEZO1 Mechanosensing Pathway, Leading to
Neuroinflammation

The A𝛽 plaque-induced microglial activation could create a lo-
calized inflammatory microenvironment (Figure 2A).[27] To in-
vestigate how A𝛽 plaque stiffness influences microglial activa-
tion and neuroinflammatory responses, we assessed the oxida-
tive stress state and viability of BV2 cells located near and dis-
tant from A𝛽 plaques after a 12 h incubation period. We ob-
serve that the intracellular ROS levels are significantly elevated
in BV2 cells surrounding the plaques compared to those farther
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Figure 1. A𝛽 plaques-associatedmicroenvironmentmodel of microglia and characterization results of microglial activation on 575.7 Pa PA gel during the
A𝛽 clearance process. A) Schematic diagrams of microglial activation during A𝛽 clearance process; B) Construction of an in vitro A𝛽 plaque-associated
microenvironment induces microglial activation; C) Fluorescence images of intracellular ROS levels in BV2 cells on 575.7 Pa PA gel during A𝛽 clearance
process; D) In situ monitoring of extracellular H2O2 level changes of a microglia using SECM, and the obtained current–time curves and charges of
extracellular H2O2 of BV2 cells on 575.7 Pa PA gel after incubation of A𝛽 plaques for 2, 4, 8, and 12 h, respectively; E) Characterization results of relative
TNF-𝛼, IL-6, IL-1𝛽 expressions and concentrations of NO of BV2 cells after incubation with A𝛽 plaques for 0, 2, 4, 6, 8, 12, and 24 h, respectively (n = 3).
Statistical significance: ns, no significant difference, *p < 0.05, **p < 0.001, ***p < 0.0005, and ****p < 0.0001 (one-way ANOVA).

away, which do not exhibit noticeable ROS fluorescence signals
(Figure 2B). These results indicate that sustained A𝛽 phagocy-
tosis by microglia induces ROS-mediated oxidative stress, creat-
ing a localized extracellular oxidative environment that may lead
to neuroinflammation and neurotoxicity in microglia near A𝛽
plaques.

To evaluate microglial cell damage during the A𝛽 clearance
process, we monitored membrane integrity using optical mi-
croscopy after 9 h of incubation with A𝛽 plaques. We observe
signs of microglial neurotoxicity during the A𝛽 clearance pro-
cess, but there are no significant differences in overall cell viabil-
ity after 4, 8, and 12 h of incubation as reflected from live/dead
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Figure 2. Characterization results of intracellular ROS levels, membrane permeability, and PIEZO1-related mechanotransduction pathway of BV2 cells
on 575.7 Pa PA gels during the A𝛽 clearance process. A) Schematic diagram of a local inflammation microenvironment created by A𝛽 plaque-induced
microglial activation; B) Fluorescence images of intracellular ROS levels in BV2 cells after incubation of A𝛽 plaques for 12 h; C) Optical microscope
images of BV2 cell after incubation of A𝛽 plaques for 8 h, and fluorescence images of living (green) and dead (red) BV2 cells after incubation of A𝛽
plaques for 4, 8, and 12 h, respectively; D) Schematic diagram of monitoring of membrane permeability of BV2 cells using SECM, the recorded approach
curves of BV2 cells on the PA gels after incubation of A𝛽 plaques for 4, 8, and 12 h, respectively, and the statistical results of average Pm values of BV2
cells for different times (n = 9); E) Fluorescence images of F-actin, Iba1, PIEZO1 in BV2 cells on the PA gels at 24 h and after incubation of A𝛽 plaques
for 4 h; Fluorescence images of F) Ca2+ label, NOX2 and G) intracellular ROS levels in BV2 cells on the PA gels after incubation of A𝛽 plaques for 4 h
without or with GsMTx4 (2.5 μm) treatment; H) Current–time curves and charges of extracellular H2O2 of BV2 cells on the PA gels after incubation of
A𝛽 plaques for 4 h without or with GsMTx4 (2.5 μm) treatment, recorded by SECM. Statistical significance: ****p < 0.0001 (one-way ANOVA).
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staining (Figure 2C). These findings suggest that traditional cell
viability assaysmay not sensitively detect neurotoxicity in the con-
text of A𝛽 clearance, potentially due to rapid microglial prolifer-
ation and efficient removal of cell debris.[28] Therefore, we focus
on changes in cell membrane permeability as a more accurate
indicator of oxidative stress-induced damage.[29]

To monitor membrane permeability changes in situ during
the A𝛽 clearance process, we employed scanning electrochemi-
cal microscopy (SECM) using hydrophilic [Ru(NH3)6]Cl3 as a re-
doxmediator (Figure 2D).We quantifiedmembrane permeability
by determining the permeability coefficient (Pm) through fitting
normalized experimental approach curves to theoretical models
(Figure S3, Table S1, Supporting Information). Our SECM mea-
surements reveal that after 4 h of incubation with A𝛽 plaques,
the normalized approach curve aligns with the theoretical curve
for Pm = 0.0 m·s−1, indicating intact membrane integrity. In
contrast, after 8 and 12 h of incubation, Pm values increase to
2 × 10−5 and 5 × 10−5 m·s−1, respectively (Figure 2D). The plot
of average Pm values versus incubation time demonstrates that
membrane permeability begins to rise at 8 h, likely due to inter-
nalized A𝛽 damaging mitochondria and lysosomes. This dam-
age leads to ROS release and extracellular H2O2 accumulation,
which synergistically impairs cell membrane integrity.[29] These
SECM results suggest that oxidative stress and neuroinflamma-
tion induced during A𝛽 phagocytosis compromise microglial
membrane integrity over time.
Furthermore, we observe that BV2 cells cluster around A𝛽

plaques after 4 h of incubation and exhibit elongated and polar-
ized morphologies (Figure 2E). This morphological change may
result from microglial activation driven by the physical stiffness
of A𝛽 plaques rather than activation through internalized A𝛽,
which is known to increase Iba1 expression (Figure 2E). Previ-
ous studies have reported that PIEZO1 is the most highly ex-
pressed mechanosensitive ion channel in microglia compared to
othermechanosensory ion channels.[9] Additionally, themechan-
otransduction pathway is linked to matrix stiffness-dependent
microglial activation, with increased expression of PIEZO1.[10,30]

To determine whether A𝛽 plaque stiffness mediates microglial
morphological changes via the PIEZO1 pathway, we examined
PIEZO1 protein levels in BV2 cells cultured on 575.7 Pa PA gels
with and without A𝛽 plaques using immunofluorescence stain-
ing. We find no significant PIEZO1 expression in BV2 cells cul-
turedwithout A𝛽 plaques for 24 h.However, after incubationwith
A𝛽 plaques for 4 h, the PIEZO1 expression levels in BV2 cells in-
crease by 2.18-fold compared to controls (Figure 2E). Moreover,
from the time-course results of PIEZO1 expressions in BV2 cells
after incubation of A𝛽 plaques for 4, 8, and 12 h, respectively,
we find that the PIEZO1 expressions in BV2 cells exposed to A𝛽
plaques are significantly upregulated at 4 h compared to the cells
without A𝛽 plaques. No significant differences are detected at 8
and 12 h during the A𝛽 clearance process (Figure S4, Support-
ing Information). These results suggest that A𝛽 plaque stiffness
predominantly induces PIEZO1 expression, and this effect is not
influenced by the duration of A𝛽 incubation.
Next, to validate the involvement of PIEZO1 at the stiffness-

mediated early microglial activation process and given that Ca2+

influx is crucial for PIEZO1-mediated responses to mechani-
cal stimuli and can enhance extracellular ROS production,[30]

we measured the Ca2+ influx in BV2 cells after incubation of

A𝛽 plaques for 4 h (Figure 2F). We observe the elevated Ca2+

influx in BV2 cells after incubation of A𝛽 plaques, which cor-
relates positively with the increased PIEZO1 expression in re-
sponse to A𝛽 plaques. After inhibiting PIEZO1 with GsMTx4 (a
typical inhibitor of PIEZO1), the Ca2+ influx in BV2 cells signif-
icantly reduced compared to the cells without adding GsMTx4,
indicating that the Ca2+ influx in BV2 cells is dependent on
PIEZO1 mechanotransduction. We also measured the expres-
sions of NADPH oxidase 2 (NOX2), the main protein respon-
sible for extracellular ROS generation, after incubation with A𝛽
plaques for 4 h without and with adding GsMTx4 (Figure 2F).
The NOX2 expression is upregulated by ≈1.54-fold in BV2 cells
after 4 h of incubation with A𝛽 plaques compared to controls.
This upregulation promotes electron transport from intracellu-
lar to extracellular spaces, catalyzing the conversion of O2 to
O2

− and extracellular H2O2,
[31–33] thereby favoring extracellular

over intracellular ROS production. After inhibition of PIEZO1
with GsMTx4, the NOX2 expression in BV2 cells incubated with
A𝛽 plaques significantly reduced compared to the cells without
adding GsMTx4 (Figure 2F). We do not observe a significant dif-
ference in the intracellular ROS signal in BV2 cells compared to
the cells without adding GsMTx4 (Figure 2G). Furthermore, we
utilized SECM to measure extracellular H2O2 levels of BV2 cells
after incubating with A𝛽 plaques for 4 h without and with adding
GsMTx4.We observe that the extracellular ROS levels of GsMTx4-
treated BV2 cells are significantly lower than the untreated cells
(Figure 2H). Through integrating current signals over time, we
obtain the charges of extracellular ROS levels without and with
addingGsMTx4 as 35.6± 5.6 and 6.5± 2.4 pC, respectively. These
results confirm the role of PIEZO1 as a mechanotransduction
pathway at the early activation process and oxidative stress of mi-
croglia triggered by the A𝛽 plaques stiffness.
These findings indicate that the stiffness of A𝛽 plaques en-

hances extracellular ROS levels via the PIEZO1 mechanosens-
ing pathway in microglia. Collectively, our results demonstrate
that microglia undergo PIEZO1-dependent early activation in re-
sponse to A𝛽 plaque stiffness, leading to increased extracellu-
lar ROS production before A𝛽 phagocytosis occurs. This persis-
tent extracellular oxidative stress, combined with internalized A𝛽
synergistically impairs cell membrane over time, contributing to
neuroinflammation and neurotoxicity during the A𝛽 clearance
process.

2.3. Resveratrol Mitigates Oxidative Stress and Sustains
Microglial Phagocytic Activity during A𝜷 Clearance

Antioxidants are known to ameliorate oxidative stress and
neuroinflammation in microglia, potentially delaying AD
progression.[13,34] Resveratrol (RSV), a potent antioxidant with
anti-inflammatory properties, can penetrate blood–brain barrier
and demonstrates neuroprotective efficacy along with mito-
chondrial repair function in inhibiting the development of
neurological diseases (Figure 3A).[35] To determine whether
RSV can alleviate oxidative stress and reduce the inflammatory
burden on microglia during A𝛽 clearance, we treated BV2
cells with 10 μm RSV (Figure S5, Supporting Information)
and measured both intracellular and extracellular ROS levels
after incubating BV2 cells with A𝛽 plaques for 4, 8, and 12 h.
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Figure 3. Characterization results of ROS levels, membrane permeability, and signaling pathway of Trem2 of BV2 cells on 575.7 Pa PA gels in the A𝛽
clearance process under RSV treatment. A) Schematic diagram of ameliorate oxidative stress and neuroinflammation in microglia by RSV; B) Fluores-
cence images of intracellular ROS levels in BV2 cells after incubation of A𝛽 plaques for 4, 8, and 12 h with and without RSV treatment, respectively; C)
Current–time curves and charges of H2O2 oxidation of BV2 cells on the PA gels with A𝛽 plaques at 2, 4, 8, and 12 h under RSV treatment, respectively,
recorded by SECM; D) SECM results of cell membrane permeability and statistical results of average Pm values of BV2 cells on the PA gels after incuba-
tion of A𝛽 plaques for 4, 8, and 12 h under RSV treatment, respectively, (n = 9); E) Relative Trem2, SYK, p-SYK, AKT, p-AKT expressions and phagocytic
activity of BV2 cells on the PA gels with and without RSV treatment, respectively; F) Fluorescence images of intracellular FAM-labeled A𝛽 in BV2 cells
with and without RSV treatment. Statistical significance: ****p < 0.0001 (one-way ANOVA).

We observe that at 4 h, there is no significant difference in
intracellular ROS levels between RSV-treated and untreated
BV2 cells. However, at 8 and 12 h, intracellular ROS levels
in RSV-treated BV2 cells are significantly lower compared to
those of untreated cells (Figure 3B). Furthermore, to investigate
whether RSV has a mitochondrial repair function during the
A𝛽 clearance process, we measured the ATP levels in BV2 cells
incubated with A𝛽 plaques for 4, 8, and 12 h, respectively (Figure
S6, Supporting Information). We observe that the ATP levels in
BV2 cells incubated with A𝛽 plaques for 4 h is elevated, which
can be owing to the increased metabolic demand from immune
activation. While after incubation with A𝛽 plaques for 8 and

12 h, the ATP levels in BV2 cells are significantly lower than
those for 4 h, which is likely due to mitochondrial dysfunc-
tion and increased oxidative stress as the phagocytic process
progresses. In addition, after RSV treatment, the ATP levels in
BV2 cells incubated with A𝛽 plaques for 4 and 8 h present no
significant differences, while an increase for 12 h compared to
those without RSV treatment. It indicates that RSV possesses
mitochondrial protective properties and the ability to alleviate
oxidative stress, contributing to sustaining metabolic demand on
microglia during A𝛽 clearance. These results demonstrate that
RSV can effectively reduce oxidative stress and exhibit mitochon-
drial repair function in microglia during the early and middle
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stages of A𝛽 clearance by scavenging ROS and sustaining ATP
levels.
To assess whether RSV also decreases extracellular H2O2 pro-

duction and prevents the formation of an oxidative extracellular
microenvironment, we employed SECM to monitor extracellu-
lar H2O2 levels of BV2 cells in situ. After RSV treatment, we
observe no significant H2O2 oxidation current signals outside
BV2 cells at 2, 4, and 8 h of incubation with A𝛽 plaques. At
12 h, periodic fluctuations inH2O2 oxidation currents are present
but are significantly lower than those without RSV treatment
(Figure 3C). We quantified extracellular H2O2 levels by integrat-
ing the current signals over time, obtaining charges of 3.7 ± 2.1,
5.3 ± 2.2, 5.8 ± 1.1, and 21.1 ± 1.6 pC at 2, 4, 8, and 12 h, re-
spectively (Figure 3C). These findings confirm that RSV treat-
ment decreases extracellular H2O2 levels during the A𝛽 clearance
process, aligning the trend of extracellular ROS levels with the
reduced intracellular ROS observed earlier. Moreover, to inves-
tigate whether RSV affects PIEZO1 expression in microglia, we
measured the PIEZO1 expression in BV2 cells after incubation
with A𝛽 plaques for 4, 8, and 12 h, respectively, with RSV treat-
ment (Figure S7A, Supporting Information). The obtained quan-
titative analysis results in Figure S7B (Supporting Information)
show that the RSV treatment does not affect the PIEZO1 expres-
sion in BV2 cells during the A𝛽 clearance process, proving that
RSV does not influence PIEZO1 expression of microglia in our
case.
Next, we investigate whether RSV can mitigate neurotoxicity

induced by persistent oxidative stress by measuring membrane
permeability coefficients of BV2 cells after incubation with RSV
for 4, 8, and 12 h using SECM. The Pm values are 0.0, 0.0, and
3 × 10−5 m·s−1 at 4, 8, and 12 h, respectively (Figure 3D). These
results indicate that RSV prevents cell membrane destruction by
scavenging ROS during the A𝛽 clearance process, thereby main-
taining membrane integrity and reducing neurotoxicity.
Triggering receptor expressed onmyeloid cells 2 (Trem2) plays

a pivotal role inmodulatingmicroglial phagocytosis of A𝛽, but its
dysfunction is associated with disease progression and aging.[36]

To determine whether RSV influences Trem2 expression dur-
ing the A𝛽 clearance process, we assessed Trem2 levels in BV2
cells after 12 h of incubation with A𝛽 plaques by immunofluo-
rescence staining.We observe that Trem2 expression in BV2 cells
decreases after 12 h of incubation with A𝛽 plaques compared to
the cells without A𝛽 plaques (Figure 3E). Importantly, RSV treat-
ment sustains Trem2 protein expression in BV2 cells exposed
to A𝛽 plaques. To further investigate the underlying mechanism
of RSV on Trem2, we performed western blot analysis to quan-
tify Trem2 and its downstream signaling molecules (SYK, pSYK,
AKT, and pAKT) in BV2 cells incubated with A𝛽 plaques for 12 h
with and without RSV treatment. As shown in Figure 3E, Trem2
expression decreases in BV2 cells after 12 h of incubation with
A𝛽 plaques compared to control cells without A𝛽 plaques. How-
ever, RSV treatment significantly increases Trem2 expression in
BV2 cells exposed to A𝛽 plaques, which is consistent with the im-
munofluorescence data. Additionally, the western blot results of
SYK, pSYK, AKT, and pAKT demonstrate that RSV upregulates
the Trem2 downstream signaling pathway. These findings sug-
gest that RSV activates the Trem2-SYK-PI3K/AKT signal trans-
duction pathway, potentially improving microglial A𝛽 phagocy-
tosis. Moreover, our results indicate that sustained A𝛽 phagocy-

tosis leads to decreased Trem2 expression, potentially due to mi-
croglial aging, and that RSV can delay microglial aging to sustain
Trem2 levels during A𝛽 clearance (Figure S8, Supporting Infor-
mation).
Finally, to verify whether RSV enhances microglial phago-

cytic activity by sustaining Trem2 expression, we measured the
phagocytic activity of microglia after 12 h of incubation with A𝛽
plaques, with or without RSV treatment, using phagocytic assay
kits (Figure 3E). The RSV-treated BV2 cells engulf more pHrodo
particles, which fluoresce brightly in acidic phagosomal environ-
ments, than untreated cells (Figure 3E). Additionally, using FAM-
labeled A𝛽 plaques, we observe that the RSV-treated BV2 cells are
more likely to phagocytose aggregated FAM-labeled A𝛽 plaques
compared to those without RSV treatment (Figure 3F). These re-
sults demonstrate that RSV significantly upregulates microglial
phagocytic activity during the A𝛽 clearance process.
Moreover, we investigated the effect of RSV treatment on pro-

inflammatory factor expression of BV2 cells after 12 h of incu-
bation with A𝛽 plaques. We find that the expression levels of
TNF-𝛼, IL-6, IL-1𝛽, and NO concentrations of BV2 cells are lower
in the RSV-treated cells compared to those without RSV treat-
ment (Figure S9, Supporting Information). These findings con-
firm that RSV exerts anti-inflammatory effects on microglia dur-
ing the A𝛽 clearance process, and sustains Trem2 expression to
improve phagocytic activity by delaying microglial aging, and ul-
timately enhances the clearance of A𝛽 plaques compared to treat-
ment without RSV.
Collectively, these findings demonstrate that RSV reduces both

intracellular and extracellular oxidative stress, sustains Trem2 ex-
pression, and enhances phagocytic activity in microglia during
A𝛽 clearance. By mitigating oxidative stress and maintaining mi-
croglial function, RSV effectively reduces the inflammatory bur-
den on microglia, offering a promising therapeutic strategy for
delaying AD progression.

2.4. Resveratrol Mitigates Oxidative Stress and
Neuroinflammation, Thereby Enhancing Microglial Phagocytosis
during the Late Stage of A𝜷 Clearance

At the late stage of AD, microglial neuroinflammation and neu-
rotoxicity contribute to dysfunction in phagocytosis (Figure 4A).
This dysfunction is typically thought to impair the clearance effi-
ciency of microglia for A𝛽 aggregates.[37] However, the extent to
which RSV enhances phagocytosis and influences the real-time
dynamics of A𝛽 oligomers on cell membrane surfaces during
late-stage phagocytic activity remains unclear. Therefore, moni-
toring changes inmicroglial phagocytic activity during this stage,
alongside evaluating the potential antioxidant therapeutic effects
of RSV, is essential for understanding the role of microglia in A𝛽
clearance and disease progression.[38]

To assess changes in microglial phagocytosis during the late
stages of A𝛽 clearance, we employed fluorescence imaging
within a 1 h timeframe tomonitor A𝛽 clearance efficiency at both
early and late stages. We observe that the BV2 cells cultured on
575.7 Pa PA gels after 4 h of incubation with A𝛽 plaques actively
phagocytose FAM-labeled A𝛽 and undergo morphological trans-
formations (Figure 4B). In contrast, the BV2 cells after 12 h of
incubation exhibit an over-activated, rounded shape and display
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Figure 4. Monitoring of RSV-enhanced microglial A𝛽 phagocytosis on a BV2 cell membrane on 575.7 Pa PA gels using fluorescence imaging and SICM.
A) Schematic diagram of RSV enhances the change of microglia phagocytic activity at the A𝛽 clearance process; B) Fluorescence images of the phagocytic
ability of BV2 cells at the early and late stages of A𝛽 clearance process; C) Schematic of SICM system for monitoring topography of microglial membrane
surface with A𝛽 oligomers using a nanopipette as its probe and hopping mode, and the optical microscope images (left) and SICM images (right) of A𝛽
oligomers on a BV2 cell membrane without and with incubation of A𝛽 plaques for 12 h; D) Schematic illustration of SICM to in situ investigate microglial
phagocytic process during A𝛽 clearance process; E) SICM time-lapse images of change of microglial phagocytic activity at the late stage of A𝛽 clearance
with and without RSV treatment.

dynamic motion of A𝛽 oligomers on their membrane surfaces in
real time, indicating decreased phagocytic activity at the late stage
of A𝛽 clearance.[14] However, detecting the dynamic changes of
A𝛽 oligomers on living cell membranes in real-time and with
high resolution has consistently been an unmet requirement.
To in situ characterize the dynamic changes of A𝛽 oligomers

on living cell membranes, we utilized SICM with a ≈30 nm-in-
diameter nanopipette as its probe to characterize the cell surface
changes during the microglial phagocytic process (Figure 4C).
First, we used SICM to examine A𝛽 accumulation on the mem-
branes of fixed BV2 cells after 12 h of incubationwith andwithout

A𝛽 plaques. We find that the surfaces of BV2 cells exhibit notice-
able A𝛽 oligomers, whereas cells without A𝛽 plaques maintain
smooth surfaces (Figure 4C). This indicates that A𝛽 plaques can
be isolated and transferred to cell surfaces during the clearance
process.
To monitor the dynamic phagocytic activity of living microglia

at the late stage of A𝛽 clearance, we employed SICM to track real-
time changes in phagocytic behavior (Figure 4D). A𝛽 oligomers
on the living BV2 cells surfaces appear more scattered and irreg-
ular compared to those on fixed cells. Additionally, the oligomers
move continuously and dynamically on the cell membrane over
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Figure 5. A) Scheme of mechanisms of stiffness of A𝛽 plaques and phagocytosis-induced microglial activation accompanied by changes in oxidative
stress, neurotoxicity during A𝛽 clearance process; B) RSV ameliorate the inflammatory burden of microglia in A𝛽 clearance process to alleviate neuro-
toxicity and improve the phagocytic activity.

a 20 min period (Figure 4E). This phenomenon may result from
the greatermembrane flexibility and dynamic properties of living
microglia compared to fixed cells, as well as the ongoing process
of A𝛽 accumulation on the microglial membrane.[39]

To further evaluate the efficacy of RSV treatment onmicroglial
phagocytic ability in real time, we treated BV2 cells with RSV
after 12 h of incubation with A𝛽 plaques and used SICM to
assess A𝛽 uptake efficiency. The RSV-treated BV2 cells exhibit
more pronounced motion of A𝛽 oligomers on the cell mem-
brane, smoother cell membranes, and amoremigratory cell mor-
phology, indicating faster dynamic processes of A𝛽 accumula-
tion compared to the untreated cells (Figure 4E). Moreover, A𝛽
oligomers on the cell membrane are phagocytosed within 20min
in RSV-treated BV2 cells, demonstrating that RSV enhances the
phagocytic ability of microglia during the late stage of A𝛽 clear-
ance.
These results indicate that microglia exhibit decreased phago-

cytic activity at the late stage of A𝛽 clearance. RSV treatment en-
hances the phagocytic ability of microglia during this stage, likely
by mitigating oxidative stress and neuroinflammation. This sug-
gests that RSV may be a promising therapeutic strategy to im-
prove microglial function and potentially slow the progression of
AD.

3. Discussion

3.1. Mechanical Stiffness of A𝜷 Plaques Triggers Early Microglial
Activation via PIEZO1

In this study, we investigate how the mechanical stiffness of A𝛽
plaques influencesmicroglial activation and the subsequent neu-
roinflammatory responses during A𝛽 clearance. We construct
an in vitro mechanical microenvironment model that mimics
the stiffness of brain tissue surrounding A𝛽 plaques, allowing
us to observe the microglial A𝛽 clearance process under patho-
logical conditions characteristic of AD. Using SECM combined
with fluorescence labeling, we characterize changes in ROS lev-
els and discover that extracellular ROS production by microglia
is associated with their early activation. This activation is trig-

gered by the stiffness of A𝛽 plaques, preceding the phagocyto-
sis of A𝛽 by microglia. Our findings indicate that the mechan-
ical stiffness of A𝛽 plaques upregulates the mechanosensitive
ion channel PIEZO1, initiating a mechanotransduction pathway
that leads to sustained ROS production and neuroinflammation
(Figure 5A). Consequently, the stiffness-induced oxidative stress
fosters an early activation state inmicroglia within the A𝛽 plaque-
associated microenvironment.

3.2. Oxidative Stress and Neuroinflammation Impair Microglial
Phagocytic Function

Building on the observation of early microglial activation, we
further elucidate how sustained A𝛽 phagocytosis contributes to
an oxidative extracellular environment that induces neurotoxi-
city. The persistent activation of microglia results in increased
intracellular ROS levels and the formation of an oxidative extra-
cellular microenvironment, which collectively impair microglial
membrane integrity and function. Additionally, the elevated
Ca2+ influx activates the NF-𝜅B pathway (nuclear localization of
phosphorylated-NF-𝜅B) and promotes actin remodeling,[40] exac-
erbating inflammation and neurotoxicity during the A𝛽 clearance
process (Figure S10, Supporting Information). These molecular
events underscore the detrimental effects of chronic microglial
activation, where oxidative stress and neuroinflammation syner-
gistically impair the ability of microglia to effectively clear A𝛽 ag-
gregates, thereby contributing to AD progression.

3.3. Resveratrol Mitigates Oxidative Stress and Enhances
Microglial Phagocytic Activity

RSV, a potential antioxidant with anti-inflammatory properties, is
identified as a favorable therapeutic agent in our study. RSV effec-
tively mitigates both intracellular and extracellular ROS levels in
microglia during the early and middle stages of A𝛽 clearance, as
demonstrated by reduced ROS fluorescence and decreased H2O2
oxidation currents (Figure 3B,C). Furthermore, RSV treatment
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prevents neurotoxicity induced by oxidative stress, thereby sus-
taining the integrity of themicroglial cell membrane (Figure 3D).
Importantly, RSV sustains the expression of Trem2, a key regu-
lator of microglial phagocytosis, thereby enhancing the phago-
cytic activity of microglia even at the late stages of A𝛽 clear-
ance (Figure 3E,F). Our findings suggest that RSV not only re-
duces the oxidative and inflammatory burden on microglia but
also enhances their functional capacity to clear A𝛽 aggregates
(Figure 5B), highlighting its potential as a therapeutic strategy
to improve microglial function and slow AD progression.

3.4. Innovative Use of SECM and SICM Provides Real-Time
Insights into Microglial Function

Our study introduces the innovative application of SECM and
SICM tomonitor real-time changes in ROS levels and phagocytic
activity of microglia during A𝛽 clearance. These techniques en-
able us to dynamically track extracellular H2O2 production and
the movement of A𝛽 oligomers on the microglial cell membrane
with high spatial and temporal resolution. The integration of
SECM and SICM provides a comprehensive understanding of
the mechanobiological processes underpinning microglial acti-
vation and dysfunction in AD. Thismethodological advancement
not only enhances our ability to study microglial behavior in real-
time but also offers broader implications for investigating cellu-
lar processes in other neurodegenerative diseases. Our findings
complement in vivo studies of how microglia sense and respond
to A𝛽 stiffness to regulate the inflammatory microenvironment.
Additionally, the results provide valuable spatiotemporal insights
into the dynamics of oxidative stress and phagocytosis during A𝛽
clearance.

3.5. Implications for Alzheimer’s Disease Therapeutics and
Future Directions

Our findings underscore the critical role ofmechanotransduction
in microglial activation, revealing that the mechanical stiffness
of A𝛽 plaques directly induces activation through the PIEZO1
mechanosensing pathway. This mechanistic insight identifies
the PIEZO1 signal pathway for modulating microglial activa-
tion and neuroinflammation in AD. Additionally, the tempo-
ral dynamics of ROS production, where extracellular H2O2 pre-
cedes intracellular ROS and pro-inflammatory cytokine release,
highlight the importance of early intervention strategies target-
ing extracellular ROS to prevent downstream neuroinflamma-
tory cascades. The effective use of RSV in sustaining microglial
phagocytic activity while reducing oxidative stress and inflamma-
tion presents a promising therapeutic avenue for enhancing mi-
croglial function and slowing AD progression. Future research
can be extended to in vivo studies exploring the therapeutic po-
tential of targeting mechanotransduction pathways and examin-
ing the role of microglia in AD pathogenesis, which will help
deepen our understanding of how microglial responses to A𝛽
plaques contribute to disease progression. And to validate the ef-
ficacy of antioxidants like RSV in clinical settings, we can use
localized delivery techniques and nano-delivery systems to im-
prove brain penetration and bioavailability of RSV in in vivomod-

els, enhancing RSV’s therapeutic potential by specifically target-
ing microglia to activate A𝛽 clearance for more effective treat-
ment in AD models.[41,42] In addition, constructing in vivo mod-
els that reflect the neuroinflammatory environment associated
with A𝛽 plaques in AD still faces challenges, such as the lack of
coordinated interactions between microglia and other brain cells
(e.g., astrocytes and neurons) and interference from abnormally
activated microglia.[43–45] Future studies combining in vitro A𝛽
plaque-associated models with co-culture systems can shed light
on how these interactions influence microglial A𝛽 phagocyto-
sis and neuroinflammation. Finally, the methodological advance-
ments demonstrated in this study pave the way for more detailed
investigations into the biophysical and biochemical interactions
governing microglial behavior in neurodegenerative diseases.
In conclusion, our study integrates biophysical and biochemi-

cal analyses to unravel the complex interplay between A𝛽 plaque
mechanics, microglial activation, and neuroinflammation. By
identifying novel therapeutic targets and demonstrating the effi-
cacy of resveratrol, we provide valuable insights that may inform
future strategies for the treatment of AD.

4. Experimental Section
Preparation of Polyacrylamide (PA) Gels: The PA gels for BV2 cells were

prepared following a previous report.[46] Briefly, the PA gels with varying
stiffness were prepared by adjusting the ratios of 40% (w/v) acrylamide,
2% (w/v) N, N‘-methylene-bis-acrylamide, 10% (w/v) ammonium per-
sulfate, and 1% (w/v) N, N, N′, N′-tetramethylethylenediamine. To pre-
pare the PA gels with stiffness of ≈150 and 600 Pa, the ratios of acry-
lamide (%)/N,N′-methylene-bis-acrylamide (%)were adjusted to 5/0.045,
6/0.050, and the volumes of ammonium persulfate and N, N, N′ N′-
tetramethylethylenediamine were kept at 1/100 and 1/1000 of the total
volume, respectively. The premixed solution (45 μL) was then sandwiched
between the glass slides (NEST, 18mm) of the glass bottom dishes (NEST,
35 mm) and the glass coverslips, which were modified with 200 μL 2% 3-
(trimethoxysilyl) propyl methacrylate and dichloromethylsilane to ensure
the PA gel attachment to the glass slides and easy detachment of cov-
erslips after polymerization. After polymerization for 15 min under room
temperature, the PA gels and coverslips were immersed in PBS for 20min,
and then the coverslips were removed to obtain the PA gels. The exposed
PA gels were rinsed in PBS for three times. Each as-prepared PA gel was
treated with 300 μL hydrazine hydrate for functionalization for 12 h. The
gels were then treated with 5% acetic acid solution for 1 h, followed by
washing with sterile PBS for three times. The as-prepared PA gels were
exposed to UV light at 365 nm for 45 min for sterilization. Finally, poly-
D-lysine solution was added to the PA gel surfaces for 30 min at 37 °C
to ensure conjugation with PA gels to promote cell adhesion, followed by
washing with sterile PBS for three times. The stiffness of the PA gels was
characterized by a Piuma Nanoindenter (Optics 11, Netherlands).

Preparation of A𝛽 Plaques: Unlabeled and FAM-labeled Beta-Amyloid
(1-42) (A𝛽1-42) (Anaspec Inc.) were stored at −80 °C. For A𝛽 monomers
preparation, A𝛽 powder was dissolved with DMSO at a concentration
of 1 mm. Subsequently, A𝛽 plaques were prepared by diluting the A𝛽
monomers to 100 μm in DMEM and then incubated at PA gels with 37 °C
for 72 h to promote fibrillation.

Cell Culture and A𝛽 Incubation: BV2 cells (Cell Culture Center of
Institute of Basic Medical Sciences, Chinese Academy of Medical Sci-
ences, China) were cultured with DMEM medium supplemented with
10% fetal bovine serum, 1% HEPES, 1% GlutaMAX-1 and 1% peni-
cillin/streptomycin in an incubator (5% CO2, 37 °C). BV2 cells were cul-
tured on the 156.2 Pa PA gels at a density of 5× 104 cm−2 and incubated in
an incubator (5% CO2, 37 °C) for 24 h. Subsequently, these BV2 cells were
digested with trypsin and seeded on 575.7 Pa PA gels with A𝛽 plaques at a
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density of 5 × 104 cm−2. Last, the cells were incubated for 2–24 h at 37 °C
and 5% CO2 before all experiments.

Theoretical Model of SECM: The membrane permeability of BV2 cells
on the PA gels during the A𝛽 clearance process was analyzed by fitting the
approach curves of SECM experiments with the theoretical model. The
SECM simulation model was developed in a 2D axisymmetric coordinate
system using COMSOL Multiphysics 5.5 (COMSOL Inc., Sweden). As il-
lustrated in Figure S3A (Supporting Information), the r-axis and z-axis are
parallel and perpendicular to a Pt-modified carbon microelectrode surface
(0.5 μm in radius, RG = 1.4, where RG is the ratio of the overall electrode
radius and the radius of carbon), respectively. The origin of the coordinate
axes was positioned at the center of the Pt-modified carbon microelec-
trode.

Based on the previous work,[21] the definitions of the domain, diffu-
sion, and model boundary of the redox medium were defined (Table S1,
Supporting Information). As depicted in Figure S3B (Supporting Informa-
tion), the bulk solution and the cell were divided as two separate regions
and the diffusion of [Ru(NH3)6]Cl3 in both regions follows Fick’s second
law of diffusion, as described by Equations (1) and (2).
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where CB and CC are the concentrations of [Ru(NH3)6]Cl3 outside and in-
side of cell, t is the time, r and z are the axisymmetric coordinates, andD is
the diffusion coefficient of [Ru(NH3)6]Cl3 in advanced Tyrode’s solutions
at 37 °C (D = 1.3 × 10−5 cm2 s−1 in this case).[47]

The boundary of the cell membrane could be defined as the flux (Equa-
tions (3) and (4)). The coefficient (Pm) was defined as the speed of
[Ru(NH3)6]Cl3 across the cell membrane, which was driven by the differ-
ence in concentration between the bulk solution and the cell.

fin = Pm (CB − CC) (3)

fout = Pm (CC − CB) (4)

The concentration [Ru(NH3)6]Cl3 around the Pt-modified carbon mi-
croelectrode was obtained by integrating the flux on the surface of the Pt-
modified carbon microelectrode at each simulated electrode position. The
current on the Pt-modified carbon microelectrode surface could be calcu-
lated by Equation (5).

i = 2𝜋nDF

a

∫
0

r
[
𝜕CB(r, z, t)

𝜕z

]
dr (5)

where n is the electron transfer number (n= 1 in this case), F is the Faraday
constant (96 485 C mol−1), and a is the SECM probe radius (a = 0.5 μm
in this case). The model geometry was finer meshed before computation.
The cell geometry in the SECM experiments, the parameterized probe po-
sition, and Pm were used to obtain the theoretical approach curves by the
parametric sweep function of COMSOL. By adapting the Pm value and the
distance between the SECM probe and the cell surface, the theoretical ap-
proach curves with varied membrane permeability around the cell surface
could be obtained.

Statistical Analysis: Statistical comparisons were performed with
GraphPad Prism 9.2.0 and Origin 9.0.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was financially supported by the financial supports from the
National Natural Science Foundation of China (22174106, 22127803,
12225208), the Young Scholars of Changjiang Scholars Incentive Program
of the Ministry of Education of China (Q2022203), the Shaanxi Province
Health Science and Technology Innovation Project (2024TD-18), the Fun-
damental Research Funds for the Central Universities (xtr062022003,
SY6J007) and the Interdisciplinary Training Program for Doctoral Candi-
date of Xi’an Jiaotong University (IDT2020). The authors also thank Dr.
Frank Wang from HEKA Elektronik GmbH for the technical support on the
SECM and SICM instruments.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
F.L., F.X., J.Z., and Y.L.L. designed the study. Y.L.L., J.J.Z., F.X.F., and Q.Q.A.
performed the SECM and SICM measurements, collected and analysed
the data. Y.L.L., Y.X.Z., and S.Y.Z. conducted the cell experiments and data
analysis. F.L., F.X., J.Z., and Y.L.L. prepared the manuscript. All authors
discussed the experiments, read and commented on the manuscript.

Data Availability Statement
The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords
Alzheimer’s disease (AD), amyloid-𝛽 (A𝛽) plaques-associated microenvi-
ronment, microglia, scanning electrochemical microscopy (SECM), scan-
ning ion conductance microscopy (SICM)

Received: February 22, 2025
Revised: April 23, 2025

Published online: May 23, 2025

[1] P. d’Errico, S. Ziegler-Waldkirch, V. Aires, P. Hoffmann, C. Mezö, D.
Erny, L. S. Monasor, S. Liebscher, V. M. Ravi, K. Joseph, O. Schnell, K.
Kierdorf, O. Staszewski, S. Tahirovic, M. Prinz, M. Meyer-Luehmann,
Nat. Neurosci. 2022, 25, 20.

[2] J. F. Smith, T. P. J. Knowles, C. M. Dobson, C. E. MacPhee, M. E.
Welland, Proc. Natl. Acad. Sci. USA 2006, 103, 15806.

[3] S. Lewis, Nat. Rev. Neurosci. 2023, 24, 1.
[4] J. Gallego-Rudolf, A. I. Wiesman, A. Pichet Binette, S. Villeneuve, S.

Baillet, P.-A. R. Group, Nat. Neurosci. 2024, 27, 2130.
[5] H. Wan, M. He, C. Cheng, K. Yang, H. Wu, P. Cong, X. Huang, Q.

Zhang, Y. Shi, J. Hu, L. Tian, L. Xiong, Adv. Sci. 2024, 11, 2403064.
[6] N. Baligács, G. Albertini, S. C. Borrie, L. Serneels, C. Pridans, S.

Balusu, B. De Strooper, Nat. Commun. 2024, 15, 10634.
[7] A. Mary, R. Mancuso, M. T. Heneka, Annu. Rev. Immunol. 2024, 42,

585.
[8] E. Kip, L. C. Parr-Brownlie, Ageing Res. Rev. 2022, 78, 101618.
[9] J. Hu, Q. Chen, H. Zhu, L. Hou, W. Liu, Q. Yang, H. Shen, G. Chai, B.

Zhang, S. Chen, Z. Cai, C. Wu, F. Hong, H. Li, S. Chen, N. Xiao, Z.-x.
Wang, X. Zhang, B. Wang, L. Zhang, W. Mo, Neuron 2023, 111, 15.

Adv. Sci. 2025, 12, e03389 e03389 (12 of 13) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[10] Davis H., Attwell D., Neuron 2023, 111, P1.
[11] Xiao B., Nat. Rev. Mol. Cell Biol. 2024, 25, 886.
[12] F. Jiang, K. Yin, K. Wu, M. Zhang, S. Wang, H. Cheng, Z. Zhou, B.

Xiao, Nat. Commun. 2021, 12, 869.
[13] D. Yu, C. Liu, H. Zhang, J. Ren, X. Qu, Chem. Sci. 2021, 12,

4963.
[14] N. S. Sharma, A. Karan, D. Lee, Z. Yan, J. Xie, Adv. NanoBiomed. Res.

2021, 1, 2100097.
[15] S. Kuss, D. Polcari, M. Geissler, D. Brassard, J. Mauzeroll, Proc. Natl.

Acad. Sci. USA 2013, 110, 9249.
[16] M. Nebel, S. Grützke, N. Diab, A. Schulte, W. Schuhmann, Angew.

Chem., Int. Ed. 2013, 52, 6335.
[17] Y. Takahashi, A. I. Shevchuk, P. Novak, B. Babakinejad, J.Macpherson,

P. R. Unwin, H. Shiku, J. Gorelik, D. Klenerman, Y. E. Korchev, T.
Matsue, Proc. Natl. Acad. Sci. USA 2012, 109, 11540.

[18] C. S. Electrochemistry, J. Electrochem. 2024, 30, 2024121.
[19] T. M. Welle, K. Alanis, M. L. Colombo, J. V. Sweedler, M. Shen, Chem.

Sci. 2018, 9, 4937.
[20] D. Koley, A. J. Bard, Proc. Natl. Acad. Sci. USA 2010, 107, 16783.
[21] Y. Liu, J. Zhang, Y. Li, Y. Zhao, S. Kuermanbayi, J. Zhuang, H. Zhang,

F. Xu, F. Li, Chem. Sci. 2024, 15, 171.
[22] C. Gu, F. Kong, S. Liang, X. Zhao, B. Kong, T. Jiang, J. Yu, Q. Li, Y. Lin,

S. Bai, Y. Shao, Sci. Adv. 2024, 10, adr7218.
[23] Y. Takahashi, Y. Zhou, T. Miyamoto, H. Higashi, N. Nakamichi, Y.

Takeda, Y. Kato, Y. Korchev, T. Fukuma, Anal. Chem. 2020, 92, 2159.
[24] Y. Lu, Z. Guo, Y. Zhang, C. Li, Y. Zhang, Q. Guo, Q. Chen, X. Chen,

X. He, L. Liu, C. Ruan, T. Sun, B. Ji, W. Lu, C. Jiang, Adv. Sci. 2019, 6,
1801586.

[25] P. Botella Lucena, M. T., Acta Neuropathol. 2024, 148, 31.
[26] B. Bellaver, G. Povala, P. C. L. Ferreira, J. P. Ferrari-Souza, D. T. Leffa, F.

Z. Lussier, A. L. Benedet, N. J. Ashton, G. Triana-Baltzer, H. C. Kolb,
C. Tissot, J. Therriault, S. Servaes, J. Stevenson, N. Rahmouni, O.
L. Lopez, D. L. Tudorascu, V. L. Villemagne, M. D. Ikonomovic, S.
Gauthier, E. R. Zimmer, H. Zetterberg, K. Blennow, H. J. Aizenstein,
W. E. Klunk, B. E. Snitz, P. Maki, R. C. Thurston, A. D. Cohen, M.
Ganguli, et al., Nat. Med. 2023, 29, 1775.

[27] H. A. Vecchiarelli, M.-È. Tremblay, Nat. Neurosci. 2023, 26, 1140.
[28] F. Cignarella, F. Filipello, B. Bollman, C. Cantoni, A. Locca, R.Mikesell,

M.Manis, A. Ibrahim, L. Deng, B. A. Benitez, C. Cruchaga, D. Licastro,
K. Mihindukulasuriya, O. Harari, M. Buckland, D. M. Holtzman, A.
Rosenthal, T. Schwabe, I. Tassi, L. Piccio,ActaNeuropathol. 2020, 140,
513.

[29] F. P. Filice, M. S. M. Li, J. D. Henderson, Z. Ding, Anal. Chim. Acta
2016, 908, 85.

[30] H. Jäntti, V. Sitnikova, Y. Ishchenko, A. Shakirzyanova, L. Giudice, I.
F. Ugidos, M. Gómez-Budia, N. Korvenlaita, S. Ohtonen, I. Belaya,
F. Fazaludeen, N. Mikhailov, M. Gotkiewicz, K. Ketola, Š. Lehtonen,
J. Koistinaho, K. M. Kanninen, D. Hernández, A. Pébay, R. Giugno,

P. Korhonen, R. Giniatullin, T. Malm, J. Neuroinflammation 2022, 19,
147.

[31] J. El-Benna, M. Hurtado-Nedelec, V. Marzaioli, J.-C. Marie, M.-A.
Gougerot-Pocidalo, P. M.-C. Dang, Immunol. Rev. 2016, 273, 180.

[32] D. Kim, B. You, E. K. Jo, S. K. Han, M. I. Simon, S. J. Lee, Proc. Natl.
Acad. Sci. USA 2010, 107, 14851.

[33] D. Tu, R. Velagapudi, Y. Gao, J.-S. Hong, H. Zhou, H.-M. Gao, Biol.
Med. 2023, 200, 47.

[34] P. Berríos-Cárcamo, M. Quezada, M. E. Quintanilla, P. Morales, M.
Ezquer, M. Herrera-Marschitz, Y. Israel, F. Ezquer, Antioxidants 2020,
9, 830.

[35] N. Katila, R. Duwa, S. Bhurtel, S. Khanal, S. Maharjan, J.-H. Jeong, S.
Lee, D.-Y. Choi, S. Yook, J. Controlled Release 2022, 346, 1.

[36] J.-C. Park, J. W. Han, W. Lee, J. Kim, S.-E. Lee, D. Lee, H. Choi, J. Han,
Y. J. Kang, Y. N. Diep, H. Cho, R. Kang, W. J. Yu, J. Lee, M. Choi, S.-W.
Im, J.-I. Kim, I. Mook-Jung, Adv. Sci. 2024, 11, 2400064.

[37] Z. Lv, L. Chen, P. Chen, H. Peng, Y. Rong, W. Hong, Q. Zhou, N. Li,
B. Li, R. C. Paolicelli, Y. Zhan, Neuron 2024, 112, 740.

[38] N. Sun, M. B. Victor, Y. P. Park, X. Xiong, A. N. Scannail, N. Leary, S.
Prosper, S. Viswanathan, X. Luna, C. A. Boix, B. T. James, Y. Tanigawa,
K. Galani, H. Mathys, X. Jiang, A. P. Ng, D. A. Bennett, L.-H. Tsai, M.
Kellis, Cell 2023, 186, 4386.

[39] P. Nienatowski, M. Baczewska, M. Kujawińska, Photonics Lett. Pol.
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