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response to inflammatory cues: in situ investigation
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Microglia play a crucial role in maintaining the homeostasis of the central nervous system (CNS) by sensing

and responding to mechanical and inflammatory cues in their microenvironment. However, the interplay

between mechanical and inflammatory cues in regulating microglia activation remains elusive. In this

work, we constructed in vitro mechanical-inflammatory coupled microenvironment models of microglia

by culturing BV2 cells (a murine microglial cell line) on polyacrylamide gels with tunable stiffness and

incorporating a lipopolysaccharide (LPS) to mimic the physiological and pathological microenvironment

of microglia in the hippocampus. Through characterization of activation-related proteins, cytokines, and

reactive oxygen species (ROS) levels, we observed that the LPS treatment induced microglia on a stiff

matrix to exhibit overexpression of NOX2, higher levels of ROS and inflammatory factors compared to

those on a soft matrix. Additionally, using scanning electrochemical microscopy (SECM), we performed

in situ characterization and discovered that microglia on a stiff matrix promoted extracellular ROS

production, leading to a disruption in their redox balance and increased susceptibility to LPS-induced

ROS production. Furthermore, the respiratory activity and migration behavior of microglia were closely

associated with their activation process, with the stiff matrix-LPS-induced microglia demonstrating the

most pronounced changes in respiratory activity and migration ability. This work represents the first in

situ and dynamic monitoring of microglia activation state alterations under a mechanical-inflammatory

coupled microenvironment using SECM. Our findings shed light on matrix stiffness-dependent activation

of microglia in response to an inflammatory microenvironment, providing valuable insights into the

mechanisms underlying neuroinflammatory processes in the CNS.
Introduction

Microglia play important roles in immune-regulation and
maintaining the stability of the central nervous system (CNS).1,2

With the onset and progression of CNS diseases, there exist
signicant changes inmechanical and inammatory cues in the
cell microenvironment, which inuence the immune-regulation
function of microglia.3,4 For example, perturbation of the
mechanical microenvironment can trigger
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a mechanotransduction process of microglia, leading to their
transformation from a homeostasis to an activation state,5,6

upregulating the expressions of inammatory factors and
resulting in a change in the inammatory microenvironment of
the CNS.7 Microglia can also be activated by pro-inammatory
factors (e.g., lipopolysaccharides (LPSs)) in neurodegenerative
diseases (e.g., Alzheimer's disease), resulting in their patho-
logical state (i.e., over-activation state) accelerated disease
progression.8 Thus, the mechanical-inammatory microenvi-
ronment synergistically inuences the state and physiological/
pathological functions of microglia, while its effect mecha-
nism remains elusive.

In previous studies, microglia activation has been proven to
be highly associated with the inammatory microenvironment
in neurological disorder.9 Recent evidence shows that
mechanical cues in the CNS microenvironment such as the
stiffness of the extracellular matrix (ECM) can also regulate the
activation state of microglia.10,11 But the studies about the
synergistic effect of an ECM stiffness-inammatory coupled
microenvironment on the activation state of microglia are still
rare.12 In addition, microglia activation is a rapid dynamic
Chem. Sci., 2024, 15, 171–184 | 171
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process, where microglia sensitively and rapidly respond to
cytokines with changes in the levels of released inammatory
factors,13 redox balance,14 respiratory activity15 and migration
ability.16 However, the traditional characterization methods,
such as enzyme-linked immunosorbent assay (ELISA) and
uorescence imaging methods, can only characterize the
changes in these parameters at one time. Therefore, there is still
an unmet need for the techniques capable of in situ monitoring
the changes in the redox status, respiratory activity and migra-
tion behavior of microglia during their early activation process
to reect their activation states and physiological/pathological
functions.

Scanning electrochemical microscopy (SECM), electro-
chemical principle-based scanning probe microscopy using
a micro/nanoelectrode as its probe, can in situ and dynamically
characterize the morphology and released/consumed species of
cells through the recorded current/potential changes of redox
mediators around cells in cell culture solution.17,18 For example,
SECM can in situ characterize the height and diameter changes
in cells during the migration process19 and monitor the reactive
oxygen species (ROS) released from living cells aer alteration
of cellular homeostasis.20–22 In the neuroscience eld, various
physiological processes (e.g., endocytosis and release of neuro-
transmitters) of living nerve cells have been characterized by
SECM.23,24 For instance, Matsue et al. used SECM to detect the
release of neurotransmitters (e.g., catecholamine) from living
PC12 cells.25 Recently, our group achieved in situ recording of
the respiratory activity and extracellular ROS levels of neurons
under different temperatures using SECM.26 Therefore, SECM
can be an appropriate approach to characterize the dynamic
changes in the redox balance and respiratory activity and to
monitor the migration behavior of microglia during their
early and over-activation states, which however has not been
explored yet.

In this work, as illustrated in Scheme 1, we investigated the
synergistic effect of a mechanical-inammatory coupled
microenvironment on the activation of microglia and its
Scheme 1 Schematic diagram of investigation of the effect of themecha
(a) Culturing BV2 cells on the PA gels with three stiffness and adding a
campus. (b) Application of SECM to in situ monitor the ROS release, resp
inflammatory coupled microenvironment model.

172 | Chem. Sci., 2024, 15, 171–184
underlying mechanism. First, we cultured BV2 cells, a mouse
microglia cell line, on polyacrylamide (PA) gels with tunable
stiffness to mimic the mechanical microenvironment of
microglia in the hippocampus under physiological and patho-
logical stages. Then we added a lipopolysaccharide (LPS), a pro-
inammatory inducer of microglia activation, into the cell
culture to construct the mechanical-inammatory coupled
microenvironment model of microglia. We characterized the
expressions of proteins and cytokines, which are associated
with the PIEZO1-related pathway (a mechanosensitive pathway),
of the BV2 cells on the PA gels using immunouorescence
staining and western blotting methods. Subsequently, we
applied SECM to in situ monitor the dynamic changes in the
ROS levels, respiratory activity, and migration ability of BV2
cells under the mechanical-inammatory microenvironment
and found that microglia on the stiff ECM promoted the
production of ROS to perturb redox balance and transformed
into their early response states. And these microglia were more
susceptible to the LPS and presented faster and severer activa-
tion responses than those on the so ECM, indicating the
synergistic effect of ECM stiffness and LPS treatment on
microglia activation.
Results and discussion
Effect of ECM stiffness on microglia function

Considering that the migration and phagocytosis functions of
microglia are the two key effect factors on their activation, we
rstly studied the effect of the mechanical microenvironment
on the morphology and proliferation of microglia. To mimic the
ECM stiffness of the hippocampus at the physiological and
pathological states (i.e., so (∼100 Pa), intermediate (∼300 Pa)
and stiff (∼1000 Pa) states12), we constructed the mechanical
microenvironment models of microglia through culturing BV2
cells on the as-prepared PA gels with a stiffness of 96.2 ± 20.1,
297.2 ± 33.7 and 1059.4 ± 166.3 Pa, respectively (Fig. S1†). We
observed that the BV2 cells cultured on the 96.2 Pa and 297.2 Pa
nical-inflammatory coupledmicroenvironment onmicroglia activation.
LPS to mimic the ECM stiffness-LPS microenvironment of the hippo-
iratory activity and migration ability of BV2 cells under a mechanical-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization results of cytoskeletal actin, proliferation, ROS levels, and proteins of the PIEZO1-related pathway of BV2 cells on the PA
gels with a stiffness of 96.2, 297.2 and 1059.4 Pa, respectively. (a) Fluorescence images of the cytoskeletal arrangement andmorphology (F-actin:
green and nuclei: blue) and EdU-and DAPI-stained images, (b) fluorescence images of intracellular ROS levels, (c) immunofluorescence images
of PIEZO1 and fluorescence images of the Ca2+ label, and (d) western blotting analysis of PIEZO1, RAC1 and NOX2 expressions of BV2 cells on the
PA gels with a stiffness of 96.2, 297.2 and 1059.4 Pa, respectively (n = 3).
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PA gels presented actin-rich lopodia-like protrusions and
round shapes (Fig. 1a), indicating that the microglia on the
substrates with so and medium stiffness were under weakly
polarized and amoeboid states, respectively. In comparison, the
BV2 cells on the 1059.4 Pa PA gels showed an elongated
morphology and lamellipodia-like polarized phenotype. These
results demonstrate that the stiff substrate may cause the
rearrangement of the cytoskeleton and promote spreading and
phenotypic polarization of microglia, which would affect their
migration ability.12 We then studied the effect of substrate
stiffness on the proliferative activity of BV2 cells using an EdU
proliferation assay kit. We observed that the microglia on the
1059.4 Pa PA gels exhibited a rapid proliferative activity
compared to those on the PA gels with a stiffness of 96.2 Pa and
297.2 Pa (Fig. 1a), indicating the enhanced proliferative activity
of BV2 cells with increasing ECM stiffness.

Under the pathological conditions such as neurodegenera-
tive and acute inammatory conditions, microglia tend to
respond to changes in their microenvironment and release
© 2024 The Author(s). Published by the Royal Society of Chemistry
inammatory factors and ROS.27 We thus studied the effect of
substrate stiffness on the oxidative stress state of BV2 cells on
PA gels with three stiffness through measuring their ROS
production using the uorescence imaging method. We did not
observe an obvious uorescence signal of ROS in the BV2 cells
on the PA gels with three stiffness in the rst 12 h (Fig. 1b),
indicating that the BV2 cells on the PA gels did not obviously
produce ROS in the rst 12 h. Aer 24 h, the BV2 cells on the
1059.4 Pa PA gels started to exhibit upregulated ROS levels,
which were higher than those on the PA gels with a stiffness of
96.2 Pa and 297.2 Pa. It indicates that the microglia on the stiff
substrate were activated, leading to a change in their oxidative
stress state. At 36 h, there were more microglia with upregulated
ROS levels on the 1059.4 Pa PA gel compared to those at 24 h.
The uorescence intensities of the intracellular ROS of the BV2
cells on the 1059.4 Pa PA gels were signicantly higher than
those at 24 h, indicating that the microglia on the stiff ECM
transformed into their activation state, while the microglia on
the so substrate remained in their resting state without
Chem. Sci., 2024, 15, 171–184 | 173
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activation. The microglia on the stiff substrate with the upre-
gulated ROS levels may be due to the mechanically induced
inammation response of microglia, and the stiff ECM can
induce oxidative stress and activation of microglia.3 These
results demonstrate that the microglia on the stiff ECM had
a morphological change, increased proliferation and higher
ROS levels compared to those on the so ECM, which may be
related to the microglia activation induced by the stiff ECM.

Although the mechanosensitive protein-PIEZO1 has been
reported to be expressed in glial cells to regulate their activa-
tion,10,28 the expression of PIEZO1 in microglia and the
mechanotransduction process are not yet well understood. To
investigate whether the microglia activation is affected by the
PIEZO1-related signaling pathway, we characterized the
expressions of PIEZO1 of the BV2 cells on the PA gels using the
immunouorescence staining method. We observed that the
expressions of PIEZO1 in the BV2 cells increased with
increasing substrate stiffness (Fig. 1c). Considering that PIEZO1
can activate the Ca2+ inux-RAC1-NOX2-ROS signaling
pathway,29 we further characterized the intracellular Ca2+

concentrations and expressions of PIEZO1, RAC, and NOX2 of
the BV2 cells on the PA gels using uorescence imaging and
western blotting methods (Fig. 1c and d). The intracellular Ca2+

concentrations in the microglia increased with increasing
substrate stiffness, conrming that the over-expression of
PIEZO1 can promote the intracellular Ca2+ inux. Moreover, the
western blotting results demonstrated that the protein expres-
sions of PIEZO1, RAC1 and NOX2 in microglia increased with
increasing ECM stiffness, which may activate the signaling
pathway of Ca2+ inux-Rac1-NOX2-ROS and result in the
Fig. 2 Characterization results of proteins, ROS levels and cytokines of BV
(a) Western blotting analysis of NOX2 expressions, (b) fluorescence image
a, IL-1b, IL-6 and NO levels of BV2 cells on the PA gels with a stiffness of 9
(n = 3). Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, and

174 | Chem. Sci., 2024, 15, 171–184
production of ROS.29 These results indicate that PIEZO1 is
overexpressed in the microglia on the stiff substrate, which can
be the reason for upregulation of ROS levels driven by the stiff
ECM, and microglia present upregulated ROS levels with
increasing ECM stiffness and transform into their activation
state.

Synergistic effect of ECM stiffness and LPS treatment on
microglia activation

Besides the mechanical microenvironment, the inammatory
microenvironment can also activate microglia into an activation
state in a rapid and severe process, as reected by the inam-
matory factor release and ROS production.30,31 To explore the
synergistic effect of the mechanical-inammatory coupled
microenvironment on the microglia activation, we treated
microglia on the PA gels with a LPS, a typical pro-inammatory
inducer, to mimic their mechanical-inammatory coupled
microenvironment. Both mechanical and inammatory cues
can upregulate the ROS production of microglia to induce their
activation by the over-expression of NOX2, which plays an
important role in catalyzing molecular oxygen (O2) on the outer
surface of the cell membrane to convert into a superoxide anion
(O2

−) and hydrogen peroxide (H2O2), and nally the cell
produces H2O2 with high concentration.32,33 Hence, the over-
expression of NOX2 can directly affect the ROS production
and redox balance. We characterized the expressions of NOX2
in the BV2 cells on the PA gels using the western blotting
method (Fig. 2a). We observed that the expressions of NOX2 in
the BV2 cells increased with increasing substrate stiffness, and
a more signicant increase of NOX2 was obtained aer LPS
2 cells under the synergistic effect of ECM stiffness and LPS treatment.
s of intracellular ROS levels, and (c) relative protein expressions of TNF-
6.2, 297.2 and 1059.4 Pa, respectively, without and with LPS treatment
****P < 0.0001 (one-way ANOVA).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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treatment. We further characterized the ROS levels of BV2 cells
on the PA gels before and aer LPS treatment using the uo-
rescence method (Fig. 2b). Aer the LPS treatment, the ROS
levels of BV2 cells increased with increasing substrate stiffness,
and the intracellular uorescence signals of ROS of BV2 cells on
the 1059.4 Pa PA gels were signicantly enhanced compared
with those on the 96.2 and 297.2 Pa PA gels, indicating that the
microglia on the stiff substrate may transform into their over-
activation states.

Since the over-production of ROS of microglia could promote
their oxidative stress and neuroinammation to produce pro-
inammation factors,34 we used ELISA and Griess reagent kits
to measure the levels of pro-inammation factors of microglia,
including TNF-a, IL-1b, IL-6 and NO, on the PA gels before and
aer LPS treatment (Fig. 2c). Aer adding 1 mM LPS to the
culture medium of BV2 cells, with increasing substrate stiffness
from 96.2, 297.2 to 1059.4 Pa, the relative levels of TNF-a, IL-1b,
IL-6 and NO of BV2 cells on the PA gels increased by (0.89 ±

0.11, 1.15 ± 0.23 and 1.25 ± 0.13), (0.55 ± 0.07, 0.59 ± 0.06 and
0.63± 0.04), (0.15± 0.02, 0.24± 0.02 and 0.32± 0.09) and (0.80
± 0.10, 0.87 ± 0.07 and 0.59 ± 0.10), respectively. The results
indicate that the pro-inammatory factors and ROS levels were
signicantly upregulated with increasing substrate stiffness
and aer LPS treatment, proving that the expressions of the pro-
inammatory factors of microglia were the highest and an over-
activation state occurred under the synergistic effect of stiff
ECM and LPS treatment.

The production of ROS (e.g., H2O2) of microglia can reect
their immune-regulation and activation state, and microglia
activation is accompanied by changes in their respiratory
activity and migration behavior.35,36 Dynamic and in situ moni-
toring of the produced ROS, respiratory activity, and migration
ability of microglia at early and over-activation states is thus
important for understanding the physiological and pathological
states of microglia. Next, we applied SECM to study the syner-
gistic effect of the mechanical and inammatory coupled
microenvironment on the dynamic changes in the ROS levels,
respiratory activity, and migration ability of microglia.
In Situ monitoring of ROS levels of activated microglia under
the synergistic effect of ECM stiffness and LPS treatment

It has been reported that the upregulated ROS levels is
a contributor to microglia activation, which may form
a sustaining oxidative microenvironment to affect the inam-
matory microenvironment of microglia.37 To further explore
why microglia on the 1059.4 Pa PA gels presented upregulated
ROS levels and the amount of the activated microglia gradually
increased (Fig. 1b), we characterized both the intracellular and
extracellular ROS levels of microglia on the 1059.4 Pa PA gels
using the uorescence imaging method and SECM. Before
SECM measurements, we checked whether the pH values of
solution would change during our experiments and whether
[Ru(NH3)6]Cl3 as the redox mediator would affect the function
of BV2 cells or not. First, the pH values of the cell culture
medium and the advanced Tyrode's solution containing 1 mM
[Ru(NH3)6]Cl3 without and with LPS treatment were measured
© 2024 The Author(s). Published by the Royal Society of Chemistry
by using a pH meter. From Fig. S2,† we can see that the pH
values of both the cell culture medium and advanced Tyrode's
solution containing 1 mM [Ru(NH3)6]Cl3 maintained nearly
constant at around 7.0 during our experiments, indicating that
the pH values of solution remained stable during our experi-
ments and thus the function of BV2 cells would not be affected
by the solution pH. Second, we measured the cell viability of
BV2 cells on the PA gels with three stiffness and LPS treatment
in the advanced Tyrode's solution with 1 mM [Ru(NH3)6]Cl3
using a CCK-8 detection assay kit. In Fig. S3,† there is no
signicant cell viability change of BV2 cells in either the culture
medium or the advance Tyrode's solution containing
[Ru(NH3)6]Cl3, indicating that [Ru(NH3)6]Cl3 had no obvious
effect on the viability of BV2 cells. Therefore, we canmonitor the
ROS levels of microglia in the advanced Tyrode's solution con-
taining [Ru(NH3)6]Cl3 in our SECM measurements.

Next, from Fig. 3a, no obvious uorescence signal of intra-
cellular ROS of the BV2 cells on the 1059.4 Pa PA gels was
observed aer 24 h of cell cultivation. In comparison, we clearly
observed H2O2 oxidation currents with periodic uctuations as
detected by the SECM probe (Fig. S4 and S5†), indicating the
periodic release of H2O2 from microglia. It may be because the
over-expression of NOX2 in the microglia accelerated the
extracellular generation of H2O2, which gradually accumulated
and led to the appearance of oxidative stress and thus increased
the amount of the activated microglia.28 Then to explore the
effect of ROS levels caused by the LPS-induced inammation
and oxidative stress in microglia, we monitored the changes in
the intracellular ROS and extracellular H2O2 levels of the BV2
cells on the 1059.4 Pa PA gel aer LPS treatment for 24 h using
the uorescence imaging method and SECM (Fig. 3b). Both the
intracellular uorescence signals of ROS and the extracellular
H2O2 level monitored by SECM exhibited obvious increasing
trends aer LPS treatment. We can thus conrm that the
microglia on the 1059.4 Pa PA gels could accelerate the
production of H2O2, inducing more microglia to be activated by
over-expression of NOX2, i.e., the microglia on the stiff
substrate can transform into their early response state to trigger
their oxidative stress.

We further applied SECM to in situ record the dynamic
changes in the H2O2 levels of BV2 cells on the PA gels aer LPS
treatment. As shown in Fig. 3c(i), the oxidation current of H2O2

generated from BV2 cells on the 1059.4 Pa PA gels was obviously
higher than those on the 96.2 Pa and 297.2 Pa PA gels, respec-
tively, indicating that the stiff substrate could upregulate the
extracellular H2O2 level of microglia and may further perturb
their redox balance. Aer LPS treatment, the oxidation current
of H2O2 of the BV2 cells on the 1059.4 Pa PA gels continuously
increased with more dramatic periodic uctuation, and the
H2O2 peak signal increased nearly threefold compared to that
without LPS treatment (Fig. 3c(i) and (ii)). Meanwhile, the
oxidation currents of H2O2 of the BV2 cells on the 96.2 Pa and
297.2 Pa PA gels did not show obvious change aer LPS treat-
ment, indicating that the microglia did not respond rapidly to
the LPS treatment on the so and medium substrates as that on
the stiff substrate in a short period. We further utilized SECM to
characterize the extracellular H2O2 of the BV2 cells on the PA
Chem. Sci., 2024, 15, 171–184 | 175
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Fig. 3 Monitoring of ROS levels of BV2 cells on the PA gels using the fluorescence imaging method and SECM. ROS fluorescence images and
detection principle of SECM of H2O2 of the BV2 cells on the 1059.4 PA gels (a) without and (b) with LPS treatment. (c) Current–time curves of
H2O2 oxidation of BV2 cells on the PA gels with a stiffness of 96.2, 297.2 and 1059.4 Pa, respectively, and with LPS treatment at 0 h and 24 h
recorded by SECM (n = 3). All the SECM measurements were performed in an advanced Tyrode's solution containing 1 mM [Ru(NH3)6]Cl3 with
using a 2 mm diameter Pt-modified carbon microelectrode as the SECM probe applied with a potential of 0.65 V (vs. Ag/AgCl RE).
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gels with three stiffness aer LPS treatment for 24 h. From
Fig. 3c(iii), we observed that the oxidation currents of H2O2

generated from microglia on the PA gels aer adding the LPS
were higher than those without LPS treatment. The oxidation
currents of H2O2 of the BV2 cells on the 1059.4 Pa PA gels were
signicantly higher than those on the 96.2 Pa and 297.2 Pa PA
gels, respectively, indicating that the microglia on the 1059.4 Pa
PA gel had the highest extracellular H2O2 level and severely
disturbed redox balance among the three groups, which may
lead to the production of oxidative stress.

To further reect the changes of H2O2 levels of BV2 cells
under different ECM stiffness and LPS treatment, we derived
the charges of H2O2 of BV2 cells on the PA gels with three
stiffness and LPS treatment with time through integrating the
current signals and did the statistical analysis of charge. As
shown in Fig. S6,† the charges of H2O2 of BV2 cells on the 1059.4
Pa PA gel without LPS treatment, and with LPS treatment at 0 h
and 24 h were 39.8 ± 12.6 pC, 65.8 ± 17.1 pC, and 235.2 ± 22.8
pC, respectively, indicating that the stiff substrate can upregu-
late the extracellular H2O2 level of microglia and increased their
susceptibility to the LPS-induced ROS production. The charges
of H2O2 of BV2 cells on the 96.2 Pa and 297.2 Pa PA gels did not
176 | Chem. Sci., 2024, 15, 171–184
show obvious change either without or with LPS treatment at
0 h, while the charge of H2O2 of BV2 cells on the 96.2 Pa and
297.2 Pa PA gels increased to 127.3 ± 15.1 pC and 186.6 ± 19.7
pC aer LPS treatment for 24 h. It indicates that the BV2 cells on
the 96.2 and 297.2 Pa PA gels exhibited a less oxidative stress
state compared to those on the PA gels with a stiffness of 1059.4
Pa. The above results conrm that the stiff ECM upregulated the
extracellular ROS levels of microglia compared to those on the
so ECM and the microglia transformed into their early
response state, which were more sensitive to the changes of the
inammatory microenvironment and further disrupted the
redox balance of microglia to aggravate the neuroinammation
response.

In Situ monitoring of respiratory activity of microglia under
the synergistic effect of ECM stiffness and LPS treatment

Considering that the respiratory activity of microglia is closely
related to their activation, proliferation and metabolism
states,38,39 we used SECM to in situ characterize the oxygen
concentration around microglia on PA gels with different stiff-
ness and aer LPS treatment. First, to in situ characterize the
concentration gradient of oxygen around the cell surface, we
© 2024 The Author(s). Published by the Royal Society of Chemistry
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need to accurately control the distance between the cell surface
and the SECM probe.40 In this case, to avoid the effect of cell
surface and oxygen crossing the cell membrane during the
process of positioning the SECM probe to approach the cell
surface, we proposed a new retract curve mode of SECM to
monitor the oxygen concentration around the BV2 cell surface
on the PA gels. Briey, we used a carbon microelectrode as the
SECM probe and [Ru(NH3)6]Cl3 as the redox mediator in the
SECM system. First, we approached the SECM probe applied
with the reduction potential of [Ru(NH3)6]Cl3 (−0.35 V vs. Ag/
AgCl RE) to the cell surface and found the highest point of
the cell surface. Then we switched the SECM probe potential to
Fig. 4 In situ monitoring of the synergistic effect of ECM stiffness and
Diagram of retract curve mode of SECM: the approach curve to determin
the oxygen around cell (right). (b) Overlapped SECM approach curve and
highest point of cell at the z position with a fixed x–y position (probe pote
the PA gels with a stiffness of 96.2, 297.2 and 1059.4 Pa with and without
in the oxygen concentrations of BV2 cell surfaces on the PA gels with a st
SECM measurements were performed in an advanced Tyrode's soluti
microelectrode as the SECMprobe appliedwith an approach/retract spee
RE), respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the oxygen reduction potential (−0.8 V vs. Ag/AgCl RE) (Fig. S7†)
and retracted the SECM probe away from the highest point of
the cell surface to the bulk solution, during which the probe
currents were recorded (Fig. 4a). To verify the accuracy of the
SECM retract curve mode, we also recorded the approach curve
with the probe applied with an oxygen reduction potential of
−0.8 V (vs. Ag/AgCl RE) from the stop position of the retract
curve to approach the highest point of the cell. Through
comparing the obtained probe retract and approach curves, we
found that the two curves exactly overlapped (Fig. 4b), indi-
cating that the retract curve could also characterize the
concentration gradient of oxygen around the BV2 cell surfaces.
LPS treatment on the respiratory activity of BV2 cells using SECM. (a)
e the highest point of the cell (left) and the retract curve to determine

retract curve to/away frommicroglia from the same distance above the
ntial: 0.8 V vs. Ag/AgCl RE). (c) SECM retract curves to the BV2 cells on
LPS treatment. (d) Statistical results of (c) (n = 9). (e) Real-time changes
iffness of 96.2, 297.2 and 1059.4 Pa after adding the LPS (n = 3). All the
on containing 1 mM [Ru(NH3)6]Cl3 using a 1.2 mm diameter carbon
d of 0.2 mm s−1. The probe potentials were−0.35 or−0.8 V (vs. Ag/AgCl
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Moreover, the retract curve of SECM used in our work took less
time to approach the cell surface compared to that of the
approach curve mode, which is helpful for tracking the fast and
dynamic change in the respiratory activity of microglia aer LPS
treatment. Thus, we used the retract curve mode of SECM to
characterize the concentration gradient of oxygen around the
microglia surface to assess their respiratory activity in this work.

Fig. 4c shows the obtained SECM experimental retract curves
and the theoretical simulation curves to the highest points of
BV2 cells on the PA gels with three stiffness and with/without
LPS treatment. Then through tting the experimental retrac-
tion curves with the theoretical model (Fig. S8a and b†), we
obtained the quantitative information of the oxygen concen-
tration gradient around the BV2 cell surface on the PA gels with
different stiffness and aer LPS treatment (Fig. S8c†). From
Fig. 4c, we can obtain that the oxygen concentrations around
the BV2 cell surfaces on the 96.2, 297.2 and 1059.4 Pa PA gels
were 0.215, 0.208 and 0.200 mM, respectively, indicating that
the respiratory activity of BV2 cells increased with increasing
substrate stiffness. Aer LPS treatment for 24 h, the oxygen
concentrations around the BV2 cell surfaces on the 96.2, 297.2
and 1059.4 Pa PA gels decreased to 0.195, 0.181 and 0.164 mM,
respectively, indicating that the respiratory activity of BV2 cells
on the PA gels all increased aer LPS treatment, and the BV2
cells on the 1059.4 Pa PA gels exhibited the strongest respiratory
activity compared to those on the PA gels with a stiffness of 96.2
and 297.2 Pa (Fig. 4c and d). It can be because microglia on the
stiff substrate can transform into their early response state and
become a more severe pathological activation state aer LPS
treatment, which upregulated the metabolism-related cytokines
and enhanced the metabolism-related respiratory activity of
microglia.

To further explore the effect of ECM stiffness on the sensi-
tivity of microglia to the LPS, we used SECM to real-time
monitor the respiratory activity of BV2 cells on the PA gels
aer LPS treatment (Fig. 4e). We observed that oxygen concen-
tration around the BV2 cell surfaces on the 96.2 Pa PA gels did
not show a signicant change aer LPS treatment immediately
and then began to decrease aer 10 min and nally became
stable at 1 h. In comparison, the oxygen concentration around
the BV2 cell surfaces on the 297.2 Pa and 1059.4 Pa PA gels
rapidly changed aer LPS treatment, indicating that the respi-
ratory activities of microglia on the PA gels with medium and
stiff stiffness increased. For example, the oxygen concentrations
around the BV2 cell surfaces on the 1059.4 Pa PA gels rapidly
decreased from 0.209 mM (0 min, without adding the LPS) to
0.201, 0.196, 0.196, 0.191 and 0.187 mM aer LPS treatment at
5, 10, 20, 30 and 60 min, respectively. Thus, the LPS is more
likely to affect the respiratory activity and then the activation
state of microglia on the stiff ECM. From the above results, we
can conclude that the respiratory activity of microglia increased
with increasing ECM stiffness, and the respiratory activity of
microglia on the stiff substrate was more sensitive to the LPS
treatment, conrming that the respiratory activity of microglia
was synergistically inuenced by ECM stiffness and LPS
treatment.
178 | Chem. Sci., 2024, 15, 171–184
Synergistic effect of ECM stiffness and LPS treatment on
microglia migration

Finally, considering that the activated microglia have greater
migration ability than the resting microglia and actively play the
phagocytic role in removing cellular debris,41 we used the
uorescence imaging method and SECM to characterize the
migration ability of microglia on the stiff substrate. First, the
uorescence images of the intracellular ROS levels in the BV2
cells on the 1059.4 Pa PA gels showed that the BV2 cells were
activated with upregulated ROS levels and presented an obvious
migration behavior within 5 min, indicating the obvious
oxidative stress and migration ability of microglia on the stiff
substrate (Fig. 5a). Second, we used SECM to in situ record the
morphology of BV2 cells on the PA gels based on the recorded
reduction currents of [Ru(NH3)6]Cl3 at the SECM probe when
scanning across the cell surface. To quantitatively compare the
changes in the migration distance and cell height of microglia
during migration, we normalized the reduction currents of
[Ru(NH3)6]Cl3 by dividing them by the maximum background
currents. From the SECM images (Fig. 5b), we observed that the
BV2 cell tended to migrate randomly to the right, and the
changes in the normalized reduction currents of BV2 cells at
0 and 5 min were 0.50 and 0.46, indicating that microglia on the
stiff substrate exhibited obvious change in the cell height
during migration.

Third, to further explore the synergistic effect of the
mechanical-inammatory coupled microenvironment on the
microglia migration, we applied SECM to in situ track the
migration behavior of BV2 cells on the PA gels with different
stiffness and aer LPS treatment. From the SECM images of six
randomly selected BV2 cells on the PA gels (Fig. S9†), we sub-
tracted the cell positions, from which we drew the cell motion
trajectories every seven minutes using an image segmentation
algorithm following the protocol in the literature.42 The ob-
tained wind-rose plots of real-time migration trajectories of BV2
cells on the PA gels with three stiffness and aer adding the LPS
showed that the BV2 cells on the 96.2 Pa PA gels did not show
obvious migration behavior, while the BV2 cells on the 297.2 Pa
and 1059.4 Pa PA gels showed migration ability with a random
migration distances of 4.2 ± 1.13 and 8.2 ± 1.43 mm, respec-
tively (Fig. 5c). The migration distances of the BV2 cells
increased with increasing substrate stiffness within 35 min.
Aer LPS treatment, the migration distances of the BV2 cells on
the PA gels with three stiffness all increased with the longest
distance of 15.2 ± 1.13 mm for the BV2 cells on the 1059.4 Pa PA
gels, conrming that the LPS can signicantly improve the
migration ability of microglia on the stiff ECM.

To further evaluate the migration ability of microglia under
different ECM stiffness and LPS treatment, we calculated the
absolute migration distances of BV2 cells on the PA gels with
three stiffness and with LPS treatment. The absolute migration
distances of BV2 cells on the 1059.4 Pa PA gels were longer than
those on the 96.2 Pa and 297.2 Pa PA gels, respectively (Fig. 5d
and e). We observed a signicant increase of the absolute
migration distances of BV2 cells aer LPS treatment, demon-
strating that the migration ability of microglia on the stiff
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Synergistic effect of ECM stiffness and LPS treatment on microglia migration measured by fluorescence microscopy and SECM. (a)
Fluorescence microscopy images (green: ROS) and (b) SECM images of BV2 cells on the 1059.4 Pa PA gels. (c) Wind-rose plots of BV2 cell
trajectories (six randomly selected cell trajectories in 35 min for each set of conditions). Statistical diagram of migration distances of BV2 cells on
the PA gels with a stiffness of 96.2, 297.2 and 1059.4 Pa, respectively, (d) without LPS treatment and (e) with LPS treatment. (f) Random motility
coefficient of BV2 cells. (g) Cell heights of BV2 cells on the 96.2, 297.2 and 1059.4 Pa PA gels with and without adding the LPS. All the SECM
measurements were performed in an advanced Tyrode's solution containing 1 mM [Ru(NH3)6]Cl3 using a 10 mm diameter Pt microelectrode as
the SECM probe with an applied potential of −0.35 V (vs. Ag/AgCl RE) (scan range: 100 × 100 mm2 and scan rate: 5 mm s−1). **P < 0.01, ***P <
0.001, and ns: non-significant (one-way ANOVA).
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substrate rapidly enhanced aer LPS treatment. To evaluate the
change in the migration ability of BV2 cells on the PA gels, we
also calculated the mean squared displacement of the BV2 cell
center in a given time interval and obtained the randommotility
coefficients of BV2 cells (Fig. 5f). We observed that the random
motility coefficients of microglia increased with the increased
substrate stiffness. Aer LPS treatment, the random motility
© 2024 The Author(s). Published by the Royal Society of Chemistry
coefficients of microglia on the PA gels with a stiffness of 96.2 Pa
and 297.2 Pa increased by 0.39 ± 0.157 and 0.69 ± 0.116,
respectively, while the random motility coefficients of BV2 cells
on the 1059.4 Pa PA gels only increased by 0.28 ± 0.251, indi-
cating that the LPS could increase the random motion coeffi-
cient of microglia on the so substrate. It can be because the
microglia on the so and medium substrates remained in their
Chem. Sci., 2024, 15, 171–184 | 179
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Fig. 6 Scheme of mechanisms of the synergistic effect of the mechanical and inflammatory microenvironment on microglia activation.
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resting state without activation, which were more likely to
respond to the LPS and then increased their random motility
ability to monitor the microenvironment change.41 Moreover,
since the cell migration process is also accompanied by cell
height change, we also analyzed the height changes in BV2 cells
on the PA gels and aer LPS treatment during migration
(Fig. 5g). The cell heights of BV2 cells on the 96.2 Pa and 297.2
Pa PA gels had no signicant change aer LPS treatment, while
the cell heights on the 1059.4 Pa PA gels signicantly decreased
by 4.52± 2.124 mm aer LPS treatment, which may be related to
their increased migration ability and activation state.43 These
results demonstrate that the stiff substrate can enhance the
migratory ability of microglia to increase the migration
distances, while the LPS could greatly enhance the surveillance
capacity of microglia on the so and medium substrates to
monitor their response to the microenvironment change.

According to the above results, we can conrm the syner-
gistic effect of ECM stiffness and LPS treatment on the activa-
tion of microglia. As schematically shown in Fig. 6, microglia on
the stiff substrate transform into their early response state,
which upregulates the extracellular ROS levels by the PIEZO1-
Ca2+ inux-Rac1-NOX2-ROS related pathway to trigger the
oxidative stress, demonstrating that the activation of microglia
is closely related to the stiff ECM. Importantly, we found that
the microglia on the stiff ECM are more sensitive to LPS treat-
ment and produce more ROS and inammatory factors, and
have increased respiratory activity and migration ability. This is
because microglia are disturbed by their own redox balance and
easier to change to their activation state and then exacerbate the
180 | Chem. Sci., 2024, 15, 171–184
microglia-associated inammatory response and transform
into their over-activation state.
Conclusions

In this work, we explored the matrix stiffness-dependent acti-
vation process of microglia in response to inammatory cues.
And we achieved the in situ monitoring of rapid changes in the
activation of microglia under a mechanical-inammatory
coupled microenvironment. Firstly, through the constructed
in vitro mechanical microenvironment model of microglia for
mimicking the physiological and pathological mechanical
states of the hippocampus and the characterization results of
the PIEZO1-related pathway using immunouorescence stain-
ing and western blotting methods, we found that microglia
activation was associated with the mechanotransduction
process of the PIEZO1-Ca2+ inux-Rac1-NOX2-ROS related
pathway. Then through the in situ characterization results of
SECM of the dynamic changes in the ROS levels, respiratory
activity and migration ability of microglia on the PA gels with
LPS treatment, we found that microglia on the stiff substrates
exhibited increased ROS levels, respiratory activity and migra-
tion ability compared to those on the so and medium
substrates before and aer LPS treatment. And microglia on the
stiff ECM promoted extracellular production of ROS and
transformed into their early response state, and these microglia
were more susceptible to the LPS and transform into their over-
activation states in a short time, promoting the synergistic effect
of stiff ECM-LPS treatment on microglia activation. These
© 2024 The Author(s). Published by the Royal Society of Chemistry
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results indicate the mechanism of matrix stiffness-dependent
activation of microglia in response to an inammatory micro-
environment, whereby microglia on the stiff ECM are disturbed
by their own redox balance and easier to change to their acti-
vation state and then exacerbate the microglia-associated
inammatory response and transform into their over-
activation state. The nding in this work can contribute to
a better understanding of the activation state and behavior of
microglia and provides references for exploring the immune-
regulation function of microglia in the mechanical-
inammatory microenvironment.
Experimental
PA gel preparation

The PA gels for cultivation of microglia were prepared according
to previous reports.44 In brief, the PA gels with different stiffness
were obtained by tuning the proportions of 40% (w/v) acrylamide,
2% (w/v) N,N-methylene-bis-acrylamide, 10% (w/v) ammonium
persulfate and 1% (w/v) N,N,N,N′-tetramethylethylenediamine.
For obtaining the PA gels with stiffness around 100, 300 and 1000
Pa, the proportions of acrylamide (%)/ammonium persulfate (%)
were regulated to 5/0.04, 5/0.07 and 7.5/0.06, and the volumes of
ammonium persulfate and N,N,N,N′-tetramethylethylenediamine
were maintained at 1/100 and 1/1000 of the overall volume,
respectively. Then the premixed solution (45 mL) was placed in
glass bottom dishes (NEST, 35 mm) and then covered with glass
coverslips (NEST, 18 mm), which were functionalized with a 200
mL hydrophilic reagent (2% 3-(trimethoxysilyl)propyl methacry-
late in ethyl alcohol) and hydrophobic reagent (dichlor-
omethylsilane) beforehand to assure the adhesion of PA gels to
the glass bottom dishes and easy removal of glass coverslips.
Aer polymerization at 25 °C for 15 min, the PA gels and cover-
slips were soaked in PBS for 20 min, and then the coverslips were
removed to obtain PA gels. The PA gels were soaked and washed
with sterile PBS three times and functionalized with 300 mL
hydrazine hydrate overnight, and then treated with 5% (w/v)
acetic acid solution for 1 h, and subsequently soaked and
rinsed in sterile PBS every ve min three times. Then these PA
gels were irradiated with UV light for 30 min to sterilize. Finally,
the gels were treated with 1% poly-D-lysine solution for 30 min at
37 °C to enable conjugation to PA gels for cell adhesion, and
washed with sterile PBS every ve minutes three times. The
stiffness of the prepared PA gels was measured using a Nano-
indenter instrument (Optics 11, Netherlands).
Cell culture and LPS treatment

The BV2 cells purchased from American Type Culture Collec-
tion ((ATCC), U.S.A.) were cultured with a complete medium
containing 87% DMEM basic medium, 10% fetal bovine serum,
1% HEPES, 1% GlutaMAX-1 and 1% penicillin/streptomycin in
an incubator at 37 °C with 5% CO2. In all the experimental
groups, we used the BV2 cells of the logarithmic growth phase
and digested them with trypsin (without phenol and EDTA) and
then seeded them on the PA gels with a density of 5× 104 cm−2.
Then, the BV2 cells were cultured and incubated on the PA gels
© 2024 The Author(s). Published by the Royal Society of Chemistry
for 12, 24 and 36 h. For the LPS treatment experiments, the
medium was replaced with fresh complete medium containing
1 mM LPS, and then cultured for 24 h before SECM experiments.

SECM measurements

The SECM platform used in this work was constructed by inte-
grating a SECM instrument (ElProScan PG618, HEKA Elektronik
GmbH, Harvard Bioscience Inc.) with an inverted uorescence
microscope (Olympus-IX53, Olympus Co., Ltd, Japan). Moreover,
a combination of a heated incubator on the SECM system was
used to sustain the cell culture at a constant temperature of 37.0
± 0.1 °C. A three-electrode system was used for all the SECM
experiments, containing a 1.2 mm diameter carbon microelec-
trode (RG = 1.13, RG is the ratio of the surrounding glass sheath
to the metal disk) or a 2 mm diameter Pt-modied carbon
microelectrode (RG = 1.12) or a 10 mm diameter Pt electrode (RG
= 2) as the working electrode, and a 0.6 mm diameter Ag/AgCl
wire and a 0.5 mm diameter platinum wire as the reference
electrode (RE) and counter electrode (CE), respectively.

Before SECM experiments, the BV2 cells were seeded on the
PA gels at a density of 2 × 104 cells cm−2 and placed in an
incubator (5% CO2, 37 °C) for 24 h. Then the culture medium of
BV2 cells was replenished with an advanced Tyrode's solution
containing 1 mM [Ru(NH3)6]Cl3 and equilibrated for 15 min.
Subsequently, the SECM probe with an applied potential of
−0.35 V (vs. Ag/AgCl RE) was approached to the cell surface and
then raised by another 1 mm to move to the cell edge. Lastly, the
probe currents across the BV2 cell surface along x-axis and y-
axis directions with the xed z direction were recorded to
acquire the highest position of the cell.

For continuously monitoring the H2O2 generated from BV2
cells on the PA gels and aer adding the LPS, the SECM probe was
rst approached to the BV2 cell surface at about 20 mm and then
positioned 1 mm above the highest point of the cell. Subsequently,
a potential of 0.65 V (vs. Ag/AgCl RE) was applied to the SECM
probe and the current–time curve for H2O2 oxidation was recor-
ded. For characterization of the concentration gradient of oxygen
around the BV2 cells on the PA gels, the SECM probe applied with
a potential of −0.35 V (vs. Ag/AgCl RE) was rstly placed about 20
mmabove the BV2 cell surface and then approached to the highest
point of the cell with an approach velocity of 0.2 mm s−1. Subse-
quently, the SECMprobe applied with a potential of−0.8 V (vs. Ag/
AgCl RE) was retracted to the highest point of the cell at about 10
mm with a velocity of 0.2 mm s−1. Then, the SECM retract curves
were recorded and the real-time changes in the oxygen concen-
trations of BV2 cell surfaces on the PA gels aer adding the LPS at
different times were obtained. For characterization of the migra-
tion of BV2 cells, the SECM probe was rst positioned approxi-
mately 2 mm above the highest point of the BV2 cell and then
biased at −0.35 V (vs. Ag/AgCl RE). The constant height mode of
SECMwas used to scan across BV2 cells with scan areas of 100 mm
× 100 mm and scan rates of 5 mm s−1.

SECM theoretical model

The changes in the respiratory activity of BV2 cells on the PA
gels were acquired by simulating the retract curves of SECM
Chem. Sci., 2024, 15, 171–184 | 181
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experiments with the theoretical curves.45,46 In detail, dissolved
oxygen was used as the redox mediator in the bulk solution,
which is reduced to hydroxide (O2 + 2H2O + 4e− / 4OH−) at the
SECM probe. The solution was air-saturated and thus the
oxygen concentration in the bulk solution (∼0.25 mM) would
not obviously change with the oxygen consumption of BV2
cells.40 The simulation model of the SECM system was estab-
lished in a two-dimensional axisymmetric coordinate system
using COMSOL Multiphysics soware 5.5 (COMSOL Inc., Swe-
den). As shown in Fig. S8a,† the r-axis and z-axis are parallel and
perpendicular to the carbon microelectrode surface, respec-
tively. The origin of the coordinate axes is set at the center of the
carbon microelectrode (0.6 mm in radius and RG = 1.13).

Based on previous work,47 the denitions of the domain,
diffusion and model boundary of the redox medium were
determined (Table S1†). As shown in Fig. S8b,† the bulk solu-
tion and the cell are divided into two separate regions and the
diffusion of dissolved oxygen in both regions follows Fick's
second law of diffusion, which can be expressed by eqn (1) and
(2).

vCBðr; z; tÞ
vt

¼ D

�
v2CBðr; z; tÞ

vr2
þ 1

r

vCBðr; z; tÞ
vr

þ v2CBðr; z; tÞ
vz2

�

(1)

vCCðr; z; tÞ
vt

¼ D

�
v2CCðr; z; tÞ

vr2
þ 1

r

vCCðr; z; tÞ
vr

þ v2CCðr; z; tÞ
vz2

�

(2)

where CB and CC are the concentrations of dissolved oxygen
outside and inside of the cell, t is the time, r and z are the
axisymmetric coordinates and D is the diffusion coefficient of
dissolved oxygen in Tyrode's solutions at 37 °C (D= 2.30 × 10−5

cm2 s−1 in this work).
The boundary of the cell membrane should be dened as the

ux (eqn (3)). The coefficient (Qm) is dened as the speed of
oxygen across the cell membrane, which is driven by the differ-
ence in concentration between the bulk solution and the cell.

fin = Qm(CB − CC) (3)

The oxygen concentration around the cell surface is acquired
by integrating the ux on the surface of the carbon disk at each
simulated electrode position (Fig. S8c†). The current on the
carbon disk surface can be calculated using eqn (4).

i ¼ 2pnDF

ða
0

r

�
vCBðr; z; tÞ

vz

�
dr (4)

where n is the electron transfer number (n = 4 in this work), F is
the Faraday constant (96 485 C mol L−1), and a is the SECM
probe radius (a= 0.6 mm in this work). The model geometry was
ner meshed before computation. The cell geometry in the
SECM experiments, the parameterized probe position, and Qm

were used to obtain the theoretical retract curves using the
parametric sweep function of COMSOL. Through adapting the
Qm value and the distance between the SECM probe and the
cell, theoretical retract curves with varied oxygen concentrations
around the cell surface can be obtained.
182 | Chem. Sci., 2024, 15, 171–184
Data availability

Experimental details (including chemicals and reagents,
western blotting analysis, measurements of TNF-a, IL-1b, IL-6,
NO and ROS levels of BV2 cells aer LPS treatment, prepara-
tion of SECM probes, characterization of SECM probes, and
cyclic voltammograms of dissolved oxygen in advanced Tyrode's
solution), the parameters of the SECM theoretical model and
the supporting experimental data are all provided in the ESI.†
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