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Stretchable electrode enabled electrochemical
mass spectrometry for in situ and complementary
analysis of cellular mechanotransductiony

Haotian Wang,? Jing Yan,® Jiamei Lin,? Caiying Zhang,? Xinglei Zhang,? Rui Su,*¢
Yan-Ling Liu*® and Jiaquan Xu {2 *2

Mechanotransduction exerts a profound influence on diverse cellular processes via activated signalling
pathways. Although the currently established methods could reveal force-induced ultimate changes in
specific biochemical cues, they fail to provide real-time and comprehensive information about the
complicated signaling events. Herein, we report stretchable electrode enabled electrochemical mass
spectrometry for in situ and complementary analysis of cellular mechanotransduction. The stretchable
electrode functions as not only an electrochemical sensor for tracking the electroactive molecules
released from stretched cells cultured thereon, but also an ionization source to ionize the intracellular
application, the
mechanotransduction mediated NO pathway was found to be different in transient stimulation and

metabolites for mass spectrometry analysis. As a concept endothelial

prolonged stimulation for the first time. This work provides a revealing strategy for in situ and
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Introduction

Mechanical forces play an integral role in living systems, oper-
ating at various levels ranging from the molecular to the cellular
scale."” The sophisticated process by which cells sense and
translate mechanical forces (e.g., stretching tension, shear force,
scratch and compression) into biochemical responses is known as
cellular mechanotransduction.>® Cellular mechanotransduction
can be rapidly initiated (within a second) through mechanical
deformation, and it subsequently triggers an intricate cascade
reaction involving a myriad of molecules,® ranging from small
molecules (e.g, reactive oxygen species and nitrogen species) to
genes, amino acids, aliphatic acids and proteins. Thus, to
comprehensively understand the occurring mechano-
transduction, it is crucial to develop a methodology that facilitates
simultaneous in situ and real-time analysis of multiple molecules.

By now, a lot of methods have been applied for studying
cellular mechanotransduction, including nuclear magnetic
resonance (NMR),”® fluorometry,”** electrochemistry,'"* mass
spectrometry (MS),"*** etc. Among them, electrochemical
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comprehensive analysis of the biomolecules involved in cellular mechanotransduction.

sensing is widely accepted in detecting and quantifying tran-
sient release of biochemical molecules (e.g., ROS, RNS) by living
cells and tissues,'*™® due to its rapid response time and excep-
tional sensitivity. Moreover, stretchable electrochemical
sensors with high mechanical compliance enable in situ appli-
cation of mechanical stimulation and real-time monitoring of
biochemical molecules released from cells and tissues,>*>?
providing a unique tool to characterize the transient species
related to mechanotransduction. However, most of the target
analytes in electrochemical sensing are limited to electroactive
molecules and the method has low throughput, thereby
restricting  the acquisition of multiple molecular
information.”®*>* MS possesses the distinct advantage of
simultaneous quantitative and qualitative analysis of multiple
molecules with high sensitivity.>*>® Particularly, ESI-MS and
nanoESI-MS have frequently been employed to study mecha-
notransduction owing to their advantages in biomolecular
analysis.**** However, the requirement of complex sample
pretreatment procedures prior to MS analysis has hindered
their application in in situ studies of cellular mechano-
transduction. In contrast, ambient ionization mass spectrom-
etry (AIMS) enables the direct analysis of samples without or
with minimal sample preparation, rendering it a powerful
platform for real-time analysis of cellular
mechanotransduction.**?¢ Nevertheless, the current ambient
ionization source is inflexible and fails to accommodate cell
deformation for in situ analysis of mechanotransduction,**°
and is not suitable for analysis of inorganic small molecules
with short life (e.g., ROS and RNS). Note that, the characteristics
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of stretchable electrode electrochemistry and AIMS are
complementary. Therefore, an integrated approach combining
stretchable electrode electrochemistry and AIMS has the
potential to provide real-time and comprehensive insights into
the complex signaling events in cellular mechanotransduction.
However, such a method has not yet been reported.

Recently, we introduced a simple approach to fabricate
stretchable electrochemical biosensors by utilizing a conductive
ink,** which was obtained by doping a small-molecule plasti-
cizer (bis(trifluoromethane) sulfonimide lithium salt, LiTFSI)
into poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS). Herein, inspired by the high processability,
excellent stretchable property and prominent electrochemical
stability of this conductive ink, we developed a convenient and
highly controllable strategy to prepare stretchable electrode
enabled electrochemical mass spectrometry (EC-MS) for in situ
and complementary analysis of cellular mechanotransduction
(Fig. 1). The stretchable electrode acted as both a stretchable
electrochemical sensor and stretchable ionization source.
According to the previous studies,” endothelial cells (ECs)
represent a prototypical mechanosensitive cell type that
responds to alterations in blood pressure and shear stress. In
ECs, mechanical stimulation induces Piezol-mediated Ca**
influx. This cascade subsequently promotes the phosphoryla-
tion of AKT and nitric oxide synthase (NOS), leading to
enhanced nitric oxide (NO) production and secretion. Thus, as
a proof of concept of the present method, endothelial mecha-
notransduction was investigated in this work. The mechano-
transduction of human umbilical vein endothelial cells
(HUVECs) can be easily triggered by stretching the electrode.
The electrochemical sensor effectively monitored the NO
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release, providing real-time and intuitive indication of mecha-
notransduction. In concert, in situ MS analysis provided
metabolite variation in the mechanotransduction, using the
stretchable electrode as an ambient ionization source.

Results and discussion
Mechanical and electrochemical properties of PPL/PDMS

As shown in Fig. 1a, the stretchable electrode PPL/PDMS was
prepared by spin coating a mixture of poly(3,4-
ethyldioxythiophene):poly(styrenesulfonate) and lithium bis(-
trifluoromethane)sulfonyl imide (PPL) onto a poly-
dimethylsiloxane membrane (PDMS) according to the previous
report.”’ Fig. S11 demonstrates that the stretchable electrode
exhibits excellent transparency, which is beneficial for the
microscopic characterization of cells on its surface. The
stretchability of PPL/PDMS was systematically investigated.
Fig. 2a illustrates the original PPL/PDMS, the stretched PPL/
PDMS, and the bent PPL/PDMS. Scanning electron micros-
copy (SEM) was employed to characterize the structural varia-
tions in the PPL on PDMS after stretching. As illustrated in
Fig. S2,7 the electrode surface demonstrated negligible changes
after 10% strain. Wrinkles started to emerge after 50% strain
and became more prominent after 100% strain; however, no
significant fissures were observed even at 100% strain, which
was consistent with prior reports.* These results demonstrated
that PPL/PDMS exhibited exceptional stretchability. To further
investigate the electronic stability of PPL/PDMS, we meticu-
lously monitored the fluctuation of resistance throughout the
stretching process. The results shown in Fig. 2b indicated that
the normalized resistance (R/R,) exhibited negligibly small
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Fig. 1 Schematic illustration of the in situ analysis of cellular mechanotransduction by stretchable electrode enabled electrochemical mass
spectrometry. (a) Preparation of the stretchable electrode; (b) in situ analysis of the cellular mechanotransduction by electrochemical mass

spectrometry.
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Fig. 2 Mechanical and electrochemical properties of PPL/PDMS. (a)
Photographs of PPL/PDMS before and after deformation. (b) Resis-
tance changes under 0-50% tensile strain (n = 3). “R" represents the
resistance of the stretched electrode, whereas "Ry denotes the
resistance of the unstretched electrode. (c) CV curves of 10 mM
K3[Fe(CN)g] on PPL/PDMS at different tension states from 0 to 50%. (d)
CV curves of the electrode in PBS buffer salt solution with and without
180 uM NO.

changes within a strain of up to 50%, thereby indicating the
robustness of its electronic properties. The electrochemical
stability of PPL/PDMS was further examined. Fig. 2c displays the
cyclic voltammogram (CV) of K;[Fe(CN)s] on PPL/PDMS under
different deformations. The results showed that the shapes and
peak current remained virtually unchanged when the electrode
was subjected to strains of up to 50%, indicating that severe
mechanical deformations had a negligible impact on the elec-
trochemical properties. These results demonstrated that PPL/
PDMS has good mechanical stretchability and electrochemical
stability.

NO is an important signaling molecule of endothelial
mechanotransduction.*»** Thus, the electrochemical sensing
performance of the PPL/PDMS film for NO was investigated. As
shown in Fig. 2d, an evident current peak at +0.75 V (vs. Ag/
AgCl) was observed on PPL/PDMS in a 0.18 mM NO/PBS solu-
tion, while no discernible current response was detected on
PPL/PDMS in a PBS buffer salt solution, thereby indicating the
capability of PPL/PDMS to facilitate the oxidation of NO.**
Moreover, as shown in Fig. S3,1 the peak current and oxidation
potential of NO on PPL/PDMS exhibited only slight variations
after electrode stretching at 20% and 50%, further demon-
strating the electrochemical stability of PPL/PDMS. Ampero-
metric results displayed a good linear response to NO in a wide
concentration range of 50 nM to 250 uM (Fig. S41) on PPL/PDMS
by applying +0.75 V, and even the response of 50 nM NO could
be clearly observed. The detection limit was calculated to be
approximately 10 nM (S/N = 3), showcasing the exceptional
sensing capability of PPL/PDMS towards NO electrooxidation.
The electrode's resistance to matrix interference was evaluated
through electrochemical interference spiking experiments and
cell lysate spiking recovery experiments. As depicted in Fig. S5,
the NO electrochemical response exhibited negligible variation
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before and after the spiking of HUVEC lysate or potential
interferents such as r-arginine, 1-citrulline, r-aspartic acid, and
ATP. This indicates that the PPL/PDMS electrode possesses
excellent capability to resist matrix interference during NO
detection. The biocompatibility of PPL/PDMS was also investi-
gated. As shown in Fig. S6,7 fusiform HUVECs exhibited
significant proliferation after 36 hours of culture. Furthermore,
Calcein-AM/PI staining revealed that the HUVECs exhibited
robust vitality, thereby demonstrating the outstanding
biocompatibility of PPL/PDMS. After detaching the HUVECs
from the PPL/PDMS electrode, the electrochemical performance
of the electrode was evaluated. As shown in Fig. S7,f the
response to NO on the PPL/PDMS electrode showed only slight
variations in both oxidation potential and oxidation current
before and after HUVEC culture. These results demonstrate that
PPL/PDMS possessed robust anti-fouling and repeatability
properties. The remarkable capability of PPL/PDMS in detecting
NO released from HUVECs was further demonstrated, the
results are shown in Fig. S8.f

Characterization of the MS analytical performance of the
stretchable ionization source

Subsequently, the ionization performance of PPL/PDMS was
investigated. After applying +3 kV to 120% stretched PPL/PDMS
(Fig. S97), an obvious spray was formed at the tip of the film

100 150 200
m/z

1 200
m/z
C) 100 TIC NL:8.64E7 d) 20
<50WM T
-4 =
0 ;lz
100 L-Arg NL:1.61E7 g 8
. 9
<50 £
~ 0
0
20 22 24 26 28 3.0 -50 50 150 250 350
Time (min) Mass (ng)
f) NL:4.00E6
100y 100 517 60596
z(n

<
o 623

[l
540 570 600 630
m/z

250 pm

1000

Fig. 3 Characterization of the MS analytical performance of the
stretchable ionization source. (a) A photograph of the stretchable
ionization MS. A stable plume was observed obviously marked by the
red arrow. (b) Mass spectra of L-arginine. Inset is the MS/MS of m/z 175
[L-arginine + HI*. (c) TIC and EIC of the L-arginine analysis. (d) The
calibration curve of L-arginine. (e) Fluorescence microscopic images of
Calcein-AM stained HUVECs on PPL/PDMS before and after applying +
3 kV using CH3OH as the extraction solution. (f) MS/MS of m/z 623.
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using CH3;OH as the extraction solution (Fig. 3a), which was
attributed to the excellent conducting property (R = 11.8 Q/[).
Fig. 3b displays the MS results of 10 ng 1-arginine on PPL/PDMS,
and an obvious signal at m/z 175 was observed, which can be
assigned to [t-arginine + H]". The results were further confirmed
by MS/MS shown in the inset of Fig. 3b, where m/z 157 was
formed by the loss of H,O from m/z 175, and m/z 158 was
formed by the loss of NH; from m/z 175. As the angle of the
conical electrospray tip significantly affects the spray perfor-
mance, the influence of the spray tip angle on the MS signal was
systematically investigated. As illustrated in Fig. S10, an angle
of 30° yields the strongest MS/MS signal of m/z 175 [L-arginine +
H]', which is consistent with the previous reports.*”~** The long-
term stability and reproducibility were also investigated. As
shown in Fig. S11 and S12,f the MS/MS signal showed almost
no variation after two days, and the RSD of the stretchable
ionization source was 5.7%, indicating that the present ioni-
zation was stable and reproducible. Moreover, the extracted ion
chromatogram (EIC) of m/z 175 and total ion chromatogram
(TIC) remained stable without significant attenuation during
MS detection (Fig. 3c), indicating the robust and reliable ioni-
zation performance of PPL/PDMS. The sensitivity of this
stretchable ionization MS was further investigated. Fig. 3d
displays the standard curve of r-arginine obtained by stretch-
able ionization mass spectrometry, which shows a good linear
relationship between the mass and the intensity of L-arginine in
the range of 3 ng-300 ng. Based on the calibration curve, the
LOD of the present method for r-arginine was calculated to be 1
ng according to LOD = 30/a, where “¢” is the standard deviation
of the blank and “a” is the slope of the calibration curve. These
findings indicate that the stretchable ionization MS exhibits
high sensitivity. The analytical performance of stretchable
ionization MS for the analysis of molecules in HUVECs was
subsequently investigated. Fig. 3e displays the fluorescence
microscopic images of calcein-AM stained HUVECs before and
after stretchable ionization MS analysis using CH;OH as the
extraction solution and +3 kV ionization voltage. The green
fluorescence of HUVECs exhibited a remarkable reduction after
MS analysis, implying the efficient extraction of fluorescent
molecules from the HUVECs. MS/MS of the fluorescent mole-
cule calcein ([M + H]", m/z 623) is shown in the inset of Fig. 3f,
and characteristic fragment ions m/z 605 (-H,O) and m/z 577 (-
HCOOH) were observed, confirming that the fluorescent mole-
cules were successfully extracted from HUVECs and ionized by
a stretchable ionization source. These results demonstrated the
applicability of the current stretchable ionization MS for
metabolite analysis in HUVECs cultured thereon.

Real time monitoring of the endothelial
mechanotransduction by electrochemical mass spectrometry

Subsequently, the endothelial mechanotransduction was
investigated by stretchable electrode enabled electrochemical
mass spectrometry. According to previous reports,***> PPL/
PDMS ionization with HUVECs cultured thereon was followed
by a rapid 20% stretch within 1 s (marked as transient stimu-

lation) to simulate hemangiectasis, resulting in approximately
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10% deformation of the HUVECs (Fig. 4a). The results pre-
sented in Fig. 4a also demonstrate that the HUVECs adhered
stably to the surface of the electrode during mechanical stim-
ulation. This was further corroborated by the findings in
Fig. S13,1 which showed that no cells detached from the elec-
trode surface after five cycles of electrode stretching. After the
mechanical stimulation, the current rapidly increased to 80 nA
within 1 s (Fig. 4b, red line), followed by a relatively slow
decrease over approximately 30 seconds. In contrast, only
a negligible mechanical disturbance was detected in the
absence of cells under the same stimulation and detection
conditions (Fig. 4b, black line). To confirm that the increased
current was derived from NO release of HUVECs in response to
the mechanical stimuli,”*** strain of 20% was applied after
pretreating HUVECs with N%-nitro-i-arginine methyl ester
hydrochloride (1-NAME), a specific endothelial NOS (eNOS)
inhibitor, and there was no signal produced (red line in Fig. 4b).
These results demonstrated that the PPL/PDMS stretchable
sensor could in situ induce and simultaneously monitor NO
release derived from HUVEC mechanotransduction.

To delve deeper into the intricate biomolecular changes
associated with endothelial mechanotransduction, we con-
ducted in situ mass spectrometry analysis as soon as the
currents rose. Fig. S14 and S15} display the mass spectra of the
cells before and after 20% deformation (n = 19). More than 100
MS signals with S/N > 3 can be identified from the mass spectra.
Then, the classic methods, principal component analysis (PCA)
and orthogonal partial least squares-discriminant analysis
(OPLS-DA) were applied to build classification models. As
shown in Fig. 4c and S16a,t samples from the same group have
a separation trend in the PCA score map, and the two groups of
samples can be completely separated by the OPLS-DA score
map. The non-targeted metabolomics profile can distinguish
the control group and the mechanical stimulation group
through the OPLS-DA model, which also shows that mechanical
stimulation can lead to significant changes in molecules in
HUVEC. A 200 permutation test was performed to validate the
OPLS-DA model. As shown in Fig S16b,T the intersection point
of the Q regression line and the vertical axis is less than zero,
suggesting that the model does not exhibit overfitting. Besides,
the cumulative interpretation rate parameters RX and R®Y of
the OPLS-DA model are 0.887 and 0.91, respectively, and the
predictive ability Q*> parameter is 0.842, indicating that this
model is stable and reliable.”® With VIP (variable importance in
the projection) > 1 and P < 0.05 as evaluation criteria, 18
biomarkers could be screened out. Tandem MS coupled with
library search was further employed to identify the metabolites
(Fig. S17f). The mass ion information for metabolites which
were tentatively identified as potential biomarkers according to
the Human Metabolome Database (HMDB) is summarized in
Table S1,} including dihydrouracil, N-acetylputrescine, sulcatol,
decanal, r-argininosuccinate, r-citrulline, dodecanoic acid, vy-
linolenic acid, and r-arginine.

Fig. S18t displays the variation tendency of metabolites after
mechanical stimulation. The upregulation of r-citrulline and
the downregulation of 1-arginine are closely correlated with NO
release. This is consistent with previous findings, as r-arginine

Chem. Sci., 2025, 16, 13004-13011 | 13007
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Fig. 4 Real time monitoring of the endothelial mechanotransduction by electrochemical mass spectrometry. (a) Fluorescence microscopic
images of HUVECs cultured on PPL/PDMS stained with Calcein-AM before and after being stretched. (b) Current responses recorded from
HUVECs submitted to 20% deformation with transient stimulation. (c) OPLS-DA score scatter plot and VIP bar plot of mass spectral data. (d)
Current responses recorded from HUVECs submitted to 20% stimulation with prolonged stimulation. (e) OPLS-DA score scatter plot and VIP bar
plot of mass spectral data. (f) Schematic diagram of NO related metabolic pathways during mechanotransduction.

serves as the substrate for NO production while r-citrulline is
a by-product of this process.***” This result demonstrated that
the present method is feasible for analysis of the mechano-
transduction. Besides, as a downstream product of r-arginine
metabolism,*** N-acetylputrescine was also downregulated
alongside with r-arginine (Fig. S18f). r-argininosuccinate,
a precursor of r-arginine, was administered to supplement r-
arginine levels during mechanotransduction,* which also
resulted in a notable reduction. According to previous
reports,®>** upon mechanical stimulation of endothelial cells,
prostacyclin, a remarkably potent vasodilator, would be signif-
icantly upregulated. Consequently, y-linolenic acid, serving as
a precursor for prostacyclin synthesis,*” experiences increased
consumption under such conditions, leading to a notable
reduction in its cellular concentration (Fig. S18t). These results
demonstrated that the present electrochemical mass spec-
trometry method is useful for in situ and complementary anal-
ysis of cellular mechanotransduction.

The velocity of vasodilation is disrupted in some cardiovas-
cular diseases, such as myocarditis and atherosclerosis. Thus,
to further investigate the impact of vasodilation velocity on
mechanotransduction, we subjected HUVECs to a prolonged
stretch stimulation, increasing deformation from 0% to 20%
over a 60 second period. Consequently, the current increased
slowly to 8 pA within 60 s (Fig. 4d, red line) and decreased slowly
within about 100 s. Compared to the results shown in Fig. 4b,
the results presented in Fig. 4d demonstrate a markedly pro-
longed NO release duration in prolonged stimulation. Similarly,

13008 | Chem. Sci, 2025, 16, 13004-1301

two control experiments were carried out and the results (blue
line and black line in Fig. 4d) demonstrated that the increase in
current was attributed to NO release.

The metabolites involved in the prolonged stimulation was
also investigated by stretchable ionization MS. The mass spectra
of the HUVECs after prolonged stimulation are shown in
Fig. S19.1 Then, PCA and OPLS-DA were empolyed to analyze the
data present in Fig. S14 and S19.f As shown in Fig. 4e and S20a,¥
the same group samples were tightly clustered in both PCA and
OPLS-DA score plot. The permutation test results (Fig. S20b¥)
indicated that the OPLS-DA model is not overfitting. The cumu-
lative explanation rate parameters R*X and R*Y of the model are
0.613 and 0.972, respectively. The model's predictive ability Q° is
0.944, further indicating its stability and reliability. By using VIP
> 1 and P < 0.05 as evaluation criteria, 16 biomarkers can be
screened, which highly overlap with those in Fig. 4c. Fig. S21}
illustrates the variation trend of metabolites after prolonged
mechanical stimulation, which were all downregulated
compared to non-stimulation. Moreover, in comparison to the
metabolites depicted in Fig. S18,T those illustrated in Fig. S21t
exhibited a further reduction. These results suggest that during
prolonged stimulation, the associated metabolites were signifi-
cantly depleted in response to the mechanical stimulation.
Specifically, during prolonged stimulation, r-citrulline was
downregulated (Fig. S2171), whereas under transient stimulation,
L-citrulline is upregulated (Fig. S187). These results indicated that
the mechanotransduction mediated NO pathway is different in
transient stimulation and prolonged stimulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sequentially, a speculative mechanotransduction mediated
NO pathway is presented in Fig. 4f. In transient stimulation, eNOS
catalyzes r-arginine to produce NO and r-citrulline (red pathway in
Fig. 4f), resulting in an increase in the NO and r-citrulline. In the
prolonged duration of mechanical stimulation, eNOS first cata-
lyzes 1-arginine to produce NO and r-citrulline (red pathway in
Fig. 4f), resulting in an increase in the NO and r-citrulline, which
is the same as rapid stimulation. However, as the stimulation
duration increased, L-arginine was progressively depleted, result-
ing in insufficient availability for NO production. To further
respond to the mechanical stimulation, a compensation mecha-
nism occurred to supplement r-arginine. According to a previous
report,**”° a pathway to supplement r-arginine is proposed (blue
pathway in Fig. 4f), where i-citrulline acts as a substrate to
produce the r-arginine. The downregulation of r-argininosucci-
nate was further confirmed by this process (Fig. S217).

Conclusions

In summary, we have developed a stretchable electrode enabled
electrochemical mass spectrometry for in situ and complemen-
tary analysis of cellular mechanotransduction. The stretchable
electrode acted as a stretchable electrochemical sensor and
stretchable ionization source, which exhibited exceptional
biocompatibility, electrical conductivity, ionization efficiency,
and electrochemical performance. Inorganic small molecules
(NO) and organic molecules (e.g., L-citrulline, dodecanoic acid, vy-
linolenic acid, and r-arginine, dihydrouracil, N-acetylputrescine)
were detected in the endothelial mechanotransduction. The
mechanotransduction mediated NO pathway was found to be
different in transient stimulation and prolonged stimulation for
the first time. These results demonstrated that stretchable elec-
trode enabled electrochemical mass spectrometry is a promising
method for the in situ and comprehensive study of cellular
mechanotransduction. In the future, we will further enhance the
coverage of the present method in analysis of metabolites in
cellular mechanotransduction by intergrating in situ electro-
poration, in situ enzymatic digestion, or other methods.
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