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ABSTRACT: Mapping biocurrents at both microsecond and single-cell resolution requires the combination of optical
imaging with innovative electrophysiological sensing techniques. Here, we present transparent electrophysiology electrodes
and interconnects made of gold (Au) nanomesh on flexible substrates to achieve such measurements. Compared to
previously demonstrated indium tin oxide (ITO) and graphene electrodes, the ones from Au nanomesh possess superior
properties including low electrical impedance, high transparency, good cell viability, and superb flexibility. Specifically, we
demonstrated a 15 nm thick Au nanomesh electrode with 8.14 Ω·cm2 normalized impedance, >65% average transmittance
over a 300−1100 nm window, and stability up to 300 bending cycles. Systematic sheet resistance measurements,
electrochemical impedance studies, optical characterization, mechanical bending tests, and cell studies highlight the
capabilities of the Au nanomesh as a transparent electrophysiology electrode and interconnect material. Together, these
results demonstrate applicability of using nanomesh under biological conditions and broad applications in biology and
medicine.
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Mapping electrical activity is critical in neuroscience,
cardiac physiology, and muscle contraction, among
others. The stakes are perhaps the highest in the

brain mapping initiative, where it is critical to measure fast
currents from neurons, while simultaneously imaging the cell
morphology. However, there are currently no tools that can
provide both millisecond and single-cell resolutions at large
scale.1 Recently, there has been a growing interest in developing
transparent microelectrodes to overcome the limitations of
individual electrical and optical modalities.2−12 By making the
electrodes transparent, one can combine both optical and
electrical measurements, enabling both high spatial and

temporal resolutions. These types of multimodal recordings
have been extensively adopted in noninvasive neuroimaging
field, such as electroencephalogram (EEG)/magnetic resonance
imaging (MRI), positron emission tomography (PET)/
computed tomography (CT), and MRI/magnetoencephalog-
raphy (MEG), albeit at much lower resolutions.13−16

Combining different neuroimaging modalities not only
provides cross-validation measurements from different sources
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but also improves the spatiotemporal resolution compared to
either modality alone. Similarly, measurements of neural
activity and connectivity should benefit from combining fast
recording from microelectrodes with optical recording/
manipulation methods, which can be used to target or identify
specific neural populations in transgenic animals expressing
fluorescent exogenous proteins or in recently developed
optogenetics models.
Various transparent electrophysiology electrodes have been

developed so far,2−6 including indium tin oxide (ITO) and
graphene, to enable concurrently electrical and optical brain
mapping. ITO has excellent transparency, but its brittleness
restricts the usage on irregular surfaces of the brain along with
its limitation of scarcity.17 Graphene is highly compliant;
however, its cytotoxicity makes its long-term use problematic.18

Conducting polymers also demonstrate promising conductivity,
but their biocompatibility and processability are often poor.19

Unlike these materials, metal nanomesh offers high con-
ductivity, excellent flexibility, along with >80% transmittance
over a large optical window.20−24 In principle, nanomeshes
utilizing metals such as Au, Pt, or Mo are long-term
biocompatible.21,23 Moreover, their compatibility as contacts
and interconnects with active elements makes them suitable to
scale up for large-area, high-density neural interfaces. Different
metal nanomeshes or nanostructures have already been utilized
for solar cell and other applications,25−30 yet their electro-
chemical impedance properties and electrode sensing perform-
ances as electrophysiology electrodes remain largely unex-
plored.
In this paper, we present transparent and flexible Au

nanomesh electrodes suitable for electrophysiology recordings
made from nanosphere lithography and microfabrication
methods. Nanosphere lithography, a widely used technique
for nanostructure fabrication, allows one to tune nanomesh
properties, such as transmittance and sheet resistance, by
simply changing the sphere sizes, reactive ion etching (RIE)
time, and thicknesses of the deposited metal.31 We demon-
strated electrodes of over 70% transmittance at 550 nm with
8.14 Ω·cm2 normalized impedance, which corresponds to 127.2
kΩ at an 80 × 80 μm2 electrode size. Detailed electrochemical
impedance measurements further revealed that a double-layer
capacitive component dominates the electrode impedance.
Mechanical bending tests also showed high flexibility and
robustness of the electrodes without a significant change in the

performance. Cell studies validated the cell viability of the
nanomesh transparent electrodes. Together, our results
demonstrate an electrode material which combines low
impedance, high transmittance, great mechanical flexibility,
and cell viability with important applications in both neuro-
science and translational engineering.

RESULTS AND DISCUSSION
A traditional nanosphere lithography method generated the Au
nanomesh film. Figure 1a shows an image of a transparent 15
nm thick Au nanomesh film on a 15 μm thick parylene
substrate, which demonstrates excellent transparency and
flexibility. The size of the nanomesh is 2.5 cm × 4 cm. Figure
1b illustrates scanning electron microscope (SEM) images of
each fabrication step, with corresponding schematic diagrams as
insets. First, we deposited polystyrene (PS) nanospheres on a
surface, such as glass or a flexible substrate (Figure 1b, top left).
Many PS deposition techniques exist, including an air/water
interface with self-assembly,32 dip-drawing,33 spin-coating,34

and unidirectional rubbing.35 We adopted the air/water
interface with a self-assembly method as it is easy to scale up,
cost-effective, and applicable to any substrate.20,32 The SEM
images show highly uniform hexagonal close-packing resulting
from the self-assembly method. A reactive ion etching (RIE)
with CHF3/O2 gases further reduced the PS nanosphere sizes
(Figure 1b, top right), followed by the Au deposition (Figure
1b, bottom right) and lift off (Figure 1b, bottom left).
Nanomesh transmittance and sheet resistance are adjustable in
the fabrication by tuning RIE conditions and depositing metals
of different thicknesses, which will affect the width and
thickness of Au nanomesh, respectively. Also, enabled by the
versatility of nanosphere lithography, one can deposit any other
metal in this process, for instance, to change other properties,
such as the work function of the conductor. Sufficient RIE time
and metal thickness appear to be critical, or the lines between
nanospheres will disconnect, resulting in poor conductivity. For
our case, width below 50 nm and/or thickness below 15 nm
caused disconnection problems, significantly lowering the
conductivity. Detailed fabrication procedures appear in the
Methods section. This fabrication can easily scale to a larger or
smaller size, suitable for applications in nearly any animal
models or in human.
The electrical and optical properties of the Au nanomesh

appear in Figure 2. We examined the resistance and

Figure 1. Au nanomesh fabrication process. (a) Image of a 15 nm thick Au nanomesh on a 15 μm thick parylene film, showing transparency
and flexibility. (b) SEM images and the schematic fabrication process as insets of deposition of polystyrene nanospheres (top left), size
reduction with O2/CHF3 RIE (top right), deposition of Cr/Au (bottom right), and lift-off (bottom left).
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transmittance of Au nanomesh with different dimensions,
namely, metal thicknesses and widths. Figure 2a,b illustrates
simulated and experimental sheet resistance contour maps,
respectively. As the mesh thickness or width increases, the sheet
resistance decreases due to increased conducting pathways for
electrons to flow. Figure 2c,d plots simulated and experimental
transmittance contour maps, respectively. At the same time, the
transmittance also decreases due to increased area to block the
light. For both properties, maps in simulated and experimental
results show similar trends. The small discrepancies between
simulation and experiments come from defects in the
nanomesh, which emerged during the PS assembly and
transfer. While it is hard to obtain a perfect hexagonal close-
packing, we still achieved great transmittance over the entire
sample. Compared to the no/low transmittance from thin Au
films (Figure S1), the Au nanomesh demonstrates moderate−
high transmittance all throughout the 300−1100 nm optical
window with an average transmittance of 65% (Figures 2e and
S2). High transmittance in this broad range offers great
opportunities for many optical methods, such as calcium
imaging, two-photon microscopy, near-infrared fluorescence
imaging, and optogenetics applications.36−39 Figure 2f summa-
rizes transmittance values as a function of sheet resistance from
both simulation and experiments, with well-matched trend
high sheet resistance results in high transmittance.
Figure 3 depicts the electrochemical impedance (EIS)

characterization. The schematic diagram of the device structure
appears in Figure 3a, which consists of a Kapton film (flexible

substrate), Au nanomesh electrodes, and interconnects and a
SU-8 top layer for encapsulation. Detailed fabrication steps are
in the Methods section. EIS measurements revealed the
performance of Au nanomesh electrodes of various sizes, 20
× 20, 40 × 40, 80 × 80, and 100 × 100 μm2, with frequencies
ranging from 1 Hz to 1000 kHz. The interconnect lines are 100
μm wide for all cases. The interconnect line from Au nanomesh
demonstrates 7880 Ω/cm at 10 μm line width, much smaller
than graphene and ITO (Figure S3). This low resistance
indicates that these nanomesh lines are suitable as high-
performance interconnects for transparent electrodes. Before
EIS measurements, all samples underwent UV/ozone (UVO3)
cleaning to remove any organic residues for better electrode
contact surfaces. Figure 3b illustrates the magnitude and phase
response of the impedance as measured from a sample with 15
nm thickness and 70 nm width; these conditions resulted in
samples with the best transmittance in this work. This sample
has the impedance of 156.6 kΩ and the phase angle of −74.5°,
both at 1 kHz. This value is well within 600 kΩ, which is
suitable for electrophysiology measurements.5 The phase
response of Au nanomesh shows that it is capacitive at low
frequencies and resistive at high frequencies. The impedance
also becomes more capacitive with increased thicknesses
(Figure S4). This observation is consistent with the properties
of pure Au films.4 An equivalent circuit model fitted the EIS
data, including a constant phase element (CPE) in parallel with
faradaic charge transfer resistance (RCT) and Warburg element
for diffusion (ZW). A line resistance in series with other

Figure 2. Sheet resistance and optical transmittance of Au nanomesh. Sheet resistance contour map of Au nanomesh of different Au
thicknesses and widths with (a) simulated data and (b) experimental data. Transmittance contour map of Au nanomesh of different Au
thicknesses and widths with (c) simulated data and (d) experimental data. (e) Transmittance spectrum of a Au nanomesh with width = 74 nm
and thickness =15 nm. (f) Transmittance versus sheet resistance graph with simulated and experimental data.
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elements modeled the resistance (RS) of phosphate-buffered
saline (PBS) solution (Figure S5). The fitted line shows a good
agreement with the experimental data. Figure 3c−g depicts the
relationship between the electrode impedance and parameters
including metal widths, electrode window sizes, and metal
thicknesses. The inset of Figure 3c shows SEM images of
different widths, and a 1000 nm width indicates a complete film
instead of a nanomesh. Here, we used the impedance at 1 kHz
as a benchmark for electrode impedance analysis and the data
collected from 40 nm thick samples as representative values.
Based on the previous observation that the capacitive
impedance is dominating at low frequencies, the Au nanomesh
impedance mainly depends on its reactance part, which can be
simplified to 1/jωC, where ω is the angular frequency and C is

the double-layer capacitance in the electrode/electrolyte
system. Thus, one can expect an inverse proportional
relationship between impedance and surface area at low
frequencies as the capacitance relates to the surface area as
εdlA/d, where εdl and d are the permittivity and thickness of the
double layer, respectively, and A is the surface area of the
nanomesh. Indeed, the impedance follows a precise 1/A trend
compared to the fitted line, in Figure 3d, which converts the
metal width to area coverage (surface area in percentage) of Au
nanomesh. Similarly, Figure 3e demonstrates an accurate 1/A
trend of the 1 kHz impedance versus the contact area of
nanomesh electrodes. The product of the 1 kHz impedance and
the actual metal contact area (i.e., normalized impedance) is
therefore constant theoretically due to the dominating

Figure 3. Electrochemical impedance measurements of Au nanomesh electrodes. (a) Schematic diagram of a Au nanomesh electrode with
Kapton (25 μm), Cr/Au (15 nm), and SU-8 (4.5 μm) films. (b) Impedance and phase spectra of the nanomesh with width = 74 nm, thickness
= 15 nm, and window size = 80 × 80 μm2. (c) Impedance versus width of the nanomesh with thickness = 40 nm and window size = 80 × 80
μm2. (d) Impedance as a function of area coverage in percentage with thickness = 40 nm and window size = 80 × 80 μm2. (e) Impedance and
square window size relationship with width = 146 nm and thickness = 40 nm. (f) Normalized impedance and square window size with width =
146 nm and thickness = 40 nm. (g) Impedance versus thickness with width = 74 nm and window size = 80 × 80 μm2. (h) Transmittance as a
function of normalized impedance for different TCEs.
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capacitance, consistent with experimental observations, as
shown in Figure 3f. On the other hand, thickness of the Au
nanomesh did not have a big impact on the 1 kHz impedance
(Figure 3g). This phenomenon is also because the impedance is
dominated by its reactance part, which originates from the
double-layer capacitance at low frequencies, while thickness
only changes the DC resistance of Au film. The phase angle of
electrodes at 1 kHz only changed from −80 to −76° when
thickness decreased by 85 nm (100 to 15 nm). This minor
change proves that the increase of resistance, when reducing
the metal thickness, has limited influence on the impedance
because the resistance changes more than six times, while the
impedance has a minimal change from 131 to 156 kΩ (19%
increase). Figure 3h shows the performance comparison of Au
nanomesh electrodes with several other transparent electro-
physiology electrodes from ITO and graphene. Compared to
previous works,4−6 our results demonstrate 2−10 times lower
impedance while possessing comparably high transmittance.
This low impedance will potentially result in much less noise
during electrophysiology recording. Another advantage of using
a metal instead of a semimetal or semiconductor is that there is
no photogenerated carriers in metal nanomesh, even at deep
UV regions. This photoinertness will lead to minimal light-
induced artifacts during electrophysiology recording.
One of the other compelling properties of Au nanomesh

electrodes and interconnects is their great mechanical flexibility.
To test the mechanical properties and sensing performance of
Au nanomesh electrodes, we performed a bending test and
recording from a signal function generator. We fabricated
electrodes on flexible substrates to conduct the bending test.
Electrodes fabricated on Kapton films were bent up to 300
cycles with a bending radius of 4 mm. Figure 4a illustrates the
bent devices wrapped around a polydimethylsiloxane (PDMS)
rod, showing the good flexibility of nanomesh electrodes and
interconnects. The inset magnifies one electrode with an 80 ×

80 μm2 square window. We characterized the flexibility and
robustness of electrodes by analyzing the impedance change
during the bending. After 300 bending cycles, we observed
almost no impedance change, which proves a stable device
performance after mechanical stressing.
We further demonstrated the recording capability of the Au

nanomesh electrodes with bench testing. Figure 4c indicates an
accurate response of a sine wave input signal (100 Hz, 20
mVpp) recorded from Au nanomesh electrodes. We filtered the
data with a 0.1 Hz to 5 kHz band-pass filter and several notch
filters to remove the 60 Hz noise (hum noise) and some of its
harmonics. After filtering, the output signal has a signal-to-noise
ratio (SNR) of 38.2 dB, with a root-mean-square (rms) noise
level of ∼87 μV. The noise level can be further decreased by
reducing the environmental noise and improving the data
acquisition configurations. The power spectrum density (PSD)
of an output signal shown in Figure 4d demonstrates detailed
signal and noise information in the frequency domain. The
giant peak at 100 Hz frequency came from the input signal. The
noises, reflecting as small peaks in the PSD, include thermal
noise, Flicker noise (1/f noise), Brownian noise (1/f 2 noise),
60 Hz noise, and its harmonics, etc. Those noises with various
frequency dependence will have different impacts at different
frequency domains. The noise power density at low frequencies
is usually simplified to 1/fα, where α ranges from 0 to 2 (usually
close to 1) depending on the noise components. Here, α
calculated from the slope of the power density at low
frequencies is about 0.87, which indicates the 1/f noise (flicker
noise, α = 1) is dominating at low frequencies. Thermal noise
(Johnson noise), which is another important noise source, will
significantly decrease with lowering impedance due to its noise
mechanism. Under thermal equilibrium, the PSD of the noise
in an electrode/electrolyte system would be 4kTZr(ω) (Zr(ω)
representing the real part of impedance, and kT is the thermal
energy)40 dictated by the Johnson−Nyquist formulation of

Figure 4. Mechanical bending performance and electrical bench recording from Au nanomesh electrodes. (a) Au nanomesh electrodes bent
around a 9 mm radius PDMS rod. The inset shows an 80 × 80 μm2 window size. The Au electrode used has dimensions of width = 74 nm,
thickness = 15 nm, and window size = 80 × 80 μm2 for b−d. (b) Bending test to a 4 mm bending radius, showing minimal impedance change.
(c) Electrical bench recording output sine wave response from input sine wave (20 mV peak to peak) in aqueous PBS solution at room
temperature. (d) Power spectral density of 20 mV sine wave signal at 100 Hz.
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thermal noise.41,42 Thus, smaller impedance would naturally
result in a lower noise level. The PSD becomes independent of
the frequency at higher frequencies since Zr(ω) mainly comes
from a constant series resistance (RS),

40 reflecting that the
white noise (α = 0) is dominating in this region. The low noise
level due to the better electrode impedance demonstrates the
significant advantage of Au nanomesh electrodes in suppressing
electrical interference noises. In addition to metal nanomesh,
we also envision that other metallic nanostructures, such as
electrospun nanotrough and nanowire crosses, may also be
used here if metal structures are dense enough (with spacings
less than a few microns) and uniformly distributed.28,29

To test cell viability and cell adhesion on as-grown films, we
incubated 3T3 mouse embryonic fibroblast cells on separate
microscope coverslips where the three different films
constituting the three separate layers of the device structure
(SU-8, Kapton, Au nanomesh) were grown. Additionally, we
also incubated cells on a coverslip covered with a thin film of
Au and on a control coverslip for comparison. Figure 5 shows
cells growing on all films maintained a viability similar to the
control after 7 days, indicating that the nanomesh substrates do
not have any adverse effects on the cell viability and are highly
promising for future in vitro and in vivo studies (see also Figure
S6 for cell study results of thin gold film and gold nanomesh in
a zoomed-in area).

CONCLUSIONS

In conclusion, we have successfully demonstrated transparent
electrophysiology microelectrodes and interconnects from
flexible Au nanomesh using nanosphere lithography and
microfabrication techniques. From electrical/optical/mechan-
ical characterization and cell studies, Au nanomesh demon-
strated high conductivity, great flexibility, good transmittance,
and cell viability. Detailed EIS measurements and bench testing
revealed that Au nanomesh electrodes have remarkably low
impedance, making them suitable as high-performance trans-

parent electrophysiology electrodes. Future studies will focus
on developing large-scale passive and active arrays from metal
nanomesh electrodes and interconnects and applying them for
concurrent electrical and optical brain mapping in vivo.

METHODS
Materials and Tools. Polystyrene nanospheres (carboxyl latex

bead, 4% w/v, 1.0 μm) were purchased from Thermo Fisher Scientific.
Chloroform (CHCl3) was purchased from Fisher Chemical, and PBS
(Tablets) was purchased from Fisher BioReagents. All materials were
used as received. SEM, 4-point probe, and a UV spectrometer
characterized the packing of nanospheres, sheet resistance, and
transmittance of the Au nanomesh, respectively.

Fabrication of Au Nanomesh Samples. The fabrication began
with the deposition of polystyrene nanospheres (1 μm in diameter) on
a 3 in. × 1 in. glass slide placed in a 4 in. plastic Petri dish with DI
water. We used PS nanospheres of 1 μm in diameter to achieve a good
trade-off between transmittance and conductivity of the Au nanomesh.
The holes in the nanomesh should be smaller than the sizes of
neurons, typically on the order of a few tens of microns, to be
patternable to achieve multielectrode arrays. On the other hand, if the
holes are too small, much smaller than a few hundred nanometers, the
nanomesh transmittance would decrease as the resulting holes are
comparable to the light wavelengths that are of interest to optical
measurements. We carefully adjusted the water level to be the same as
the top surface of the glass slide while not immersing the glass slide
fully for an air/water interface. Using carboxyl-functionalized spheres is
crucial for this air/water interface technique. A 3 mL pipet then
applied polystyrene nanosphere solution, mixed with equal volume of
ethanol, to the glass slide, and the mixed solution slowly propagated to
the edge of the glass slide. When the solution arrived at the edge and
reached the water interface, the PS nanospheres dispersed along the
surface of the water, making a polystyrene monolayer. Repetitions of
this step led to a coverage of 90% of the Petri dish with PS
nanospheres. After enough coverage was achieved, adding more water
increased the water level for easier scooping, which transferred the PS
nanosphere monolayers from the water surface to a host substrate,
such as a glass slide or a Kapton film. We immediately dried the host
substrate with the scooped monolayer at room temperature by tilting

Figure 5. Cell studies on Au nanomesh. Phase contrast images of 3T3 mouse embryonic fibroblast cells grown on the device’s different
substrates after 7 days: (a) SU-8, (b) Kapton, (c) Au nanomesh, and (d) glass coverslip.
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the substrate as vertically as possible. Tilting plays an important role to
prevent line defects of multiple layers formed during the drying
process. Reducing the size of the nanospheres began with inductively
coupled plasma (ICP) RIE using O2 and CHF3 gases. The conditions
were 40 sccm of O2, 2 sccm of CHF3, 25 mT, and 100 W for radio
frequency power 1 (RF1) and 150 W for RF2. RIE generated the
plasma with an RF-powered magnetic field, which made the etching
more isotropic. RF1 represents the power from RIE, and RF2 is the
power from ICP, generating very dense plasma. Using different time or
power can tune the size of PS nanospheres. CHF3 gas helped to get
more conformal etching and to etch sidewalls of the nanospheres.43

For metal deposition, we used e-beam evaporation for an easier lift-off
process. Depositions of 1 nm of Cr and 15 nm of Au were at the rates
of 0.5 and 1 A/s, respectively, yielding the metal layer. For lift-off,
sonication of the aforementioned samples in chloroform for 2 min
resulted in the Au nanomesh on its host substrate.
Fabrication of Nanomesh Electrodes. After lift-off, a positive

photoresist (S1818, Shipley) spin-coated the Au nanomesh using 3000
rpm for 30 s. Then, photolithography defined the electrode and
interconnect patterns with UV exposure and development, followed by
wet etching of Au and chromium layers with Au and chrome etchants,
respectively. Acetone, isopropyl alcohol (IPA), and DI water removed
the remaining photoresist. SU-8 2005 spin-coated the patterned
nanomesh electrodes using 3000 rpm for 30 s for contact area
isolation. After soft baking at 95 °C for 2 min, UV exposed the SU-8
for 7 s, followed by a postexposure baking at 95 °C for 3 min. For
development, sonication in SU-8 developer for 30 s and rinsing with
fresh SU-8 developer and IPA yielded clear SU-8 patterns. Hard bake
at 200 °C for 20 min finalized the process. The thickness of SU-8 was
4.5 μm. The fabricated electrode had a 10 mm length, 100 μm width,
and 2 mm × 3 mm contact pad size.
Electrochemical Impedance Measurement. Before measure-

ments, we used UV/ozone (UVO3) (Bioforce Nanosciences, Inc.
Procleaner 110) to clean the samples for 20 min to have a cleaner
contact surface area. Electrochemical impedance spectroscopy
measurements consisted of Gamry Gamry Reference 600+ potentio-
stat/galvanostat/ZRA (Gamry Instruments), adopting a three-
electrode configuration with 0.01 M PBS solution at room
temperature. The reference electrode was Ag/AgCl, and the counter
electrode was a platinum wire. The sweeping frequencies ranged from
1 Hz to 1000 kHz with a 10 mV RMS AC voltage. The circuit model
used for fitting is available in the Supporting Information. We used
infinite Warburg element for diffusion (Zw) because of the best
goodness of fit achieved.
Sheet Resistance and Transmittance Simulation. The finite

difference time domain software (FDTD Solutions) simulated the
optical properties of Au nanomesh (transmittance). The simulated
model consisted of uniformly distributed 3 × 3 unit cells of Au
nanomesh and used symmetric/antisymmetric conditions. Using
different thicknesses and widths (diameter of holes) yielded the
relationship between thickness and width. Finite element analysis
simulation (COMSOL 5.2) yielded resistance of the Au nanomesh
structure (Figure S7) with different thicknesses and widths created by
the 3D model in COMSOL 5.2. The equation RS = R × W/L derived
sheet resistance, where W and L represent width and length of the
conductor, respectively. Both optical and electrical simulation results
are in good agreement with experimental data and simulated values
from other literature, as well.20

Electrical Bench Recording. We generated a 100 Hz, 20 mVpp
sine wave input signal using a function generator (Agilent 33120A)
with a 50 dB attenuator. By using a platinum electrode, we applied the
input signal to the 0.01 M PBS solution. Meanwhile, we immersed the
Au nanomesh electrode into the PBS solution for recording. PBS
solution, working as transmission media here, transmitted the input
signal to the Au nanomesh electrode, eventually to a data acquisition
tool, NI USB-6210 (National Instruments), which is connected to the
pad of the nanomesh electrode (Figure S8). The MATLAB software
(Math Works) drove the data acquisition and enabled real-time signal
processing, which includes filtering and SNR calculation.

Cell Culture and Imaging. 3T3 cells were incubated in culture
medium in a T125 flask at 37 °C with 5% CO2 in humidified air. When
80% confluency was reached, cells were trypsinized with a 0.5% trypsin
solution. Cells were then placed in a 50 mL falcon tube, and the
enzyme was deactivated by adding twice the cell culture media. The
cell suspension was then centrifuged at 300g for 3 min and
resuspended at approximately 50 000 cells/mL in media. The seeding
film-covered coverslips and control were placed in six-well plates in
triplicate, and cell suspensions were delicately placed on the surface of
the coverslips. Four hours after cell plating, 2 mL of media was added
and cells were incubated for 7 days (37 °C, 5% (w/v) CO2) before
imaging. Images were acquired in transmission mode through the films
using an inverted microscope (Eclipse TE2000-s, Nikon) operating in
phase-contrast mode for capturing cell morphology.
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