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ABSTRACT: Long-term nondestructive monitoring of cells is of —_—
significant importance for understanding cell proliferation, cell
signaling, cell death, and other processes. However, traditional
monitoring methods are limited to a certain range of testing
conditions and may reduce cell viability. Here, we present a
microgap, multishot electroporation (M2E) system for monitoring
cell recovery for up to ~2 h using ~5 V pulses and with excellent
cell viability using a medium cell population. Electric field
simulations reveal the bias-voltage- and gap-size-dependent electric
field intensities in the M2E system. In addition to excellent
transparency with low cell toxicity, the M2E system does not require
specialized components, expensive materials, complicated fabrica-
tion processes, or cell manipulations; it just consists of a
micrometer-sized pattern and a low-voltage square-wave generator. Ultimately, the M2E system can offer a long-term and nontoxic
method of cell monitoring.
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1. INTRODUCTION traditional methods tend to be serial and can have limited
throughput for system biology analyses.'

Electrical-based monitoring approaches are promising
candidates for understanding membrane permeabilization.
Among other approaches, electroporation can be an elegant
method for investigating membrane resealing in real time
without chemical side effects.'”'® Electroporation, based on
administering electric fields to cells to increase the permeability
of cell membranes, Igenerally allows cells to be reused for
subsequent analyses.””~>> Additionally, impedance sampling
does not require the use of additional reagents, which could
potentially interfere with the membrane permeability during
electroporation.”> Moreover, electroporation can be utilized
for a wide range of applications: (1) multianalyte delivery and
detection systems, such as molecular probes,”"** fluorescence
tags,7’26_28 and cancer-targeting drugs,29_3] (2) biological
applications, such as the study of mutated membrane ion
channels for neurobiological disorders,** investigating the
evocation of neuro action potentials from the current source
density measurements™ and studying disease implantation

Genetic and infectious diseases, including cancer and the novel
coronavirus disease, have emerged as a serious global health
concern. These diseases can cause millions of deaths and have
a huge impact on global healthcare and socio-economic
development."” A key challenge in fighting these diseases is the
lack of effective drugs or specific treatments. Additionally,
adverse side effects and increasing drug resistance owing to
long-term use are serious issues. New and effective
preventative and treatment strategies need to be developed
urgently. Understanding cell behavior in various environments
can lead to the design of these strategies. Investigations into
cell behavior typically require understanding kinetics of the cell
membrane permeabilization as a first step since the membrane
is the primary barrier in cell-to-cell or cell-to-extracellular-
matrix (ECM) interactions.’ Moreover, understanding the
mechanics behind membrane permeability may also improve
current treatment strategies, minimize drug and reagent
wastage, and increase the efficacy of these treatments.”
Chemical-based methods, such as molecular/fluorescent
probes,”™” flow cytometry,”” microfluidics devices, and other
methods,® ' have been harnessed to understand membrane
permeabilization. These techniques harness the size of cells
and binding affinity of the cell membrane to various molecules
for probing the cell behavior and offer excellent advantages
such as high specificity, high cell-targeting accuracy, and high-

resolution imaging at the single-cell level.'*"> However,
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Figure 1. Overview of the experimental and computational framework of the M2E system. (a) Schematic illustration of the M2E system (bottom
panel) and equivalent circuit model for the typical cell (top panel). (b) Scanning electron microscopy (SEM) image of the ITO subsystem with a
gap size of ~100 um (left panel) and the actual photograph of the ITO subsystem (right panel). (c) Electric field distributions of an M2E system
after applying ~2.5 V (left panel) and ~10 V (right panel) excitations. (d) Variations of electric field intensities in an M2E system with different
bias voltage excitations (left panel) and gap sizes (right panel). (e) Schematic illustration of the process of pore formation in phospholipid bilayer
after electroporation. (f) Schematic illustration of the voltage pulse waveforms.

models,”*** and (3) other applications including culture

pacing and characterization studies,”® wound healing stud-
ies’’ ™" and other developmental biological studies. Besides, in
electrochemotherapy applications, tumor cells can be per-
meabilized by electroporation, thereby enhancing their uptake
of chemotherapeutic drugs, such as bleomycin and cisplatin.*’
Recently, single-cell electroporation and other types of devices
have been explored for achieving low bias voltage electro-
poration devices."' ~* Experiments have demonstrated a safe
single-cell electroporation performed at small bias voltages.*
However, the bias voltages used for generating strong electric
fields for traditional electroporation tend to be large (tens of
volts) as the distance between the electrodes utilized for
conventional electroporation cuvettes/devices can be wide
(millimeter length scale, see Supporting Information Table
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S3). Thus, our interest is in the use of a small bias voltage
(below 10 V) for electroporation of medium cell population
for substantially enhancing safety.

Electroporation involves the generation of pores in a cell
membrane, where the resealing of pores plays a key role in
preserving cell viability. Cell recovery processes, based on the
resealing of the cell membrane, showing marked contrast in
electrical impedance, are generally short on the 5—20 min
timescale for 1—10 pulses.*”*” Moreover, the time for cell
recovery after electroporation has not yet been widely
demonstrated and the definition of “cell recovery” can vary
across studies. Some authors define cell recovery as a state in
which impedance values are restored after a certain period of
time, demonstrating that electroporated cells have recovered
sufficiently to remain viable.*** However, demonstration of
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Figure 2. Electrical characteristics of the M2E system. (a) Time evolution of normalized impedance obtained for the system after electroporation

with different number of pulses. The bias voltage was kept constant

at ~5 V and the pulse length was fixed at ~1 us. (b) Plot of normalized

impedance as a function of bias voltage, measured ~5 min after electroporation. The pulse length was kept constant at ~1 s and the number of
pulses was fixed at 200 pulses. (c) Pulse-number-dependent normalized impedance values of the system. The bias voltage was kept constant at ~5
V and the pulse length was fixed at ~1 ps, measured ~S min after electroporation. Asterisks indicate the statistical significance of the difference in
values between the control and test systems (** p <0.01, ¥*¥ p < 0.001, and *¥¥¥* p < 0.0001). Data are expressed as the standard error of mean

(SEM) where n = 6.

cell recovery in the hour timescale, related to the enhancement
of the time for pore-resealing processes, remains elusive. This
can be important in the clinic, as it may lead to the
optimization of treatment.

Here, we demonstrate a microgap multishot electroporation
(M2E) system, building on a micrometer-sized (~100 ym)
and multipulse (0—200 pulses) framework for excellent
monitoring of membrane permeability. The electric field
simulations elucidate the bias-voltage- and gap-size-dependent
electric field intensities in the M2E system. With the optimal
number of pulses and voltage amplitude, the M2E system can
capture cell processes in the MCF-7 cells with a recovery time
of ~2 h and using ~5 V pulses while maintaining excellent cell
viability using a medium cell population. Moreover, this would
be the first demonstration of understanding membrane
permeabilization using an electroporation system with a gap
size of ~100 pm for long-term monitoring of medium cell
population in adherent cell lines (Supporting Information
Table S3), which enables the use of low bias voltage pulses for
enhancing safety. Additionally, in contrast with other conven-
tional electroporation studies,”””" this work demonstrates the
understanding of membrane permeabilization using an electro-
poration system without trypsinisation, which avoids altering
cell responses for obtaining reliable information in the study of
adherent cell lines. Furthermore, our investigation, in contrast
to other traditional studies,”* > does not require specialized
and complex equipment for system implementation and study.

2. RESULTS

A glass substrate was used as a starting material on which 650
nm thick indium—tin oxide (ITO) left and right electrodes
were deposited for external circuit connection (Figure la).

MCE-7 cells were then plated to complete the electroporation
system, which we call the M2E system. The size of the gap
between the left and right electrodes was chosen to be ~100
um (Figure 1b). To investigate the effects of electrical-bias
conditions on cell permeabilization, the electric field
distributions of the systems for different bias voltage
excitations were simulated (Figure 1c). When the bias voltage
administered to the system decreased (from 5 to 2.5 V), the
intensity of the electric field decreased from 800 to 200 V/m
(Figure 1d). In systems with different gap sizes, the intensities
of the electric field can be modulated as well. A system with a
gap size of ~100 ym showed an electric field intensity of ~800
V/m. Also, when the gap size of the system was decreased to
~50 pum, the electric field intensity increased to ~1100 V/m.
As a result, low bias voltages (~5 V) and small gap sizes (~100
um) can be achieved in the system, allowing the system to
generate sufficiently strong electric fields for achieving
excellent membrane permeabilization while maintaining good
cell viability. Based on the simulation results, bias voltage
pulses with various amplitudes (from 0 to S V) were
administered to the cells. Different number of voltage pulses
from 10 to 200 pulses were also utilized (Figure 1f). The
impedance of the system was sampled at different times from 0
to 120 min. The electric field simulations reveal that a
sufficiently large electric field can be achieved in the system at
S V. Moreover, the upper bound of bias voltage provided by
the testing system was 5 V. Based on these simulations and
voltage bounds, for the experiments that involve different times
after pulses and number of pulses, the bias voltage was chosen
to be 5 V. The lower bound of the pulse length supplied by the
testing system was 1 us. Also, to achieve a short testing time

35327 https://doi.org/10.1021/acsomega.1c04257

ACS Omega 2021, 6, 35325-35333


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04257/suppl_file/ao1c04257_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04257/suppl_file/ao1c04257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04257?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04257?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) (b) 0 pulse 200 pulses
35
8
:5 3.0 1
255 1
ﬁ -3 L eee
£S5,
=2 -
B Z LS =
N o .
= E 1.0 1
5 o5
Z
0.0
0 200 100 um
—
Number of pulses
0 pulse 200 pulses
(©) 35 (d) c
8
§ 307
23 25 1
S <20 3
=z Z
32T 3
N5 =
=g 10T c
“~ 0.0
0 200 100 um 100 pim
. — ——
() Number of pulses )
0 min 60 min 120 min
2.0
0 pulse
15 4 W200 pulses

0 pulse

Normalised fluorescent
intensity (a.u.)

|

120

200 pulses

10+ - - -
0.5 + I
0.0

0 60

Time after pulse (min)

100 ptm 100 um 100 pm
-_— — -_—

Calcein-AM

100 um 100 pm
—-—

Figure 3. Pulse-number-dependent fluorescence intensity and cell viability of the cells after M2E electroporation. (a) Plot of the normalized
fluorescence intensity as a function of the number of pulses and (b) fluorescence images of MCF-7 cells stained with PI after applying different
number of pulses. (c) Plot of normalized fluorescence intensity as a function of the number of pulses and (d) fluorescence images of MCF-7 cells
stained with calcein-AM after applying different number of pulses. (e) Plot of normalized fluorescence intensity as a function of time after applying
0 and 200 bias pulses and (f) fluorescent images of calcein-AM-stained MCF-7 cells sampled at different times after applying 0 and 200 bias pulses.
The bias voltage and length of the pulses were kept constant at ~5 V and ~1 us, respectively. Images were representative of other images taken in
different fields of view using a microscope camera. Asterisks indicate the statistical significance between the control (0 pulse) and test systems (* p
< 0.05 and **** p < 0,0001). Data are expressed as the standard error of the mean (SEM) for n = 6.

for the experiments that involve different times after pulses and
number of pulses, the pulse length was selected to be 1 us.
Complete cell recovery after electroporation generally
comprises two processes. These processes may differ due to
the types of pores created during electroporation: (1) partial
recovery and (2) membrane 1'esealing.56_58 Most pores created
in the process of partial recovery are temporary in nature, as
the pores formed in a lipid bilayer of a membrane do not
interact with other complex membrane organelles present in
the membrane bilayer. These pores close rapidly and take place
only a few minutes after electroporation.”” Membrane resealing
can occur at the same time. However, it is a slower process and
includes the resealing of complex pores, such as metastable
pores, that are formed due to the interaction of pores with
various membrane proteins and cellular organelles. Metastable
pores have a longer lifetime since the complexity of this pore
structure makes it difficult for the cell membrane to undergo
resealing.***”%" These pores typically demonstrate a longer
resealing time of 5—30 min after electroporation.””®!

This work demonstrates a cell recovery time of ~2 h after
electroporation of MCF-7 cells in the M2E system using the
time between the onset of fall in the impedance values and
return of the impedance values back to their original values as a
measure of recovery time (Figure 2a, Supporting Information
Table S2). This behavior can be due to the partial recovery and
membrane resealing processes, where the transient pores and
metastable pores are closed during this process. The recovery
time observed here can exceed a baseline of ~30 min for the
state-of-the-art electroporation systems with medium cell
populations (Supporting Information Table S3). This finding
indicates that the partial recovery and membrane resealing
processes can be described using our M2E system and might
be used for obtaining a more complete picture of the
membrane resealing process after electroporation of cells.

Generally, cell impedance can consist of two components:
(1) cell membrane capacitance and (2) cell bulk resistance,
which includes the resistance of other organelles and
cytoplasm within the cell (Figure 1a).0>% During reversible
electroporation, the capacitance of a cell membrane can
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become negligible due to the creation of pores (Figure le),
shorting the component of cell membrane impedance.”* This
can cause an immediate drop in cell impedance since the
component of cell membrane capacitance disappears. As the
cell membrane gradually reseals (Figure le), cell impedance
can increase accordingly due to the restoration of the cell
membrane capacitance. As a result, the electrical model
provides the ability to correlate the pore formation and
resealing with impedance sampling and to gain further insights
into the dynamics of cell recovery using our M2E system.

With a low bias voltage, the electric field would be weak. As
a result, we postulate that few and small-sized pores are
induced on the cell membrane, with only a small drop in the
impedance of the M2E system since most of the membrane
barrier would still be preserved (Figure 2b, Supporting
Information Table $4).°%°° As the bias voltage increases, the
electric field increases. Thus, the cell permeability would
increase, resulting in a decrease in cell impedance. For
example, the cells with 0 V show a normalized impedance
value of 1.0, while the cells with 2.5 V show a lower normalized
impedance value of ~0.8 (normalized impedance = impedance
of system at a target bias voltage/impedance of the system at 0
V). These findings agree well with the studies by other
research groups.””

An increase in cell permeability can indicate a change in the
number and type of pores that are generated. When higher
electrical energy is delivered to the cells, for example, a higher
number of pulses or bias voltage may allow for more pores to
be formed.”*®’ Delivering higher electrical energy may also
produce an increase in the proportion of transient pores
compared to metastable pores in the pore population as
well.”””" When subjected to an increasing number of pulses,
the permeability of the cell membrane can increase (Figure 2c)
since a higher number of pulses can indicate higher electric
energy delivered to the cells. This suggests that a higher
population of transient pores could be induced due to the
increased energy delivered, thereby decreasing the measured
impedance. The calculated energy delivered to the M2E
system is ~20 uJ for a 10-pulse sequence (
E=not=5 X X 1X10° =104, where n is the
number of pulses, V is the bias voltage, R is the resistance of
the system, and ¢ is the length of the pulse). As a result, we
were able to detect a corresponding decrease in system
impedance with a higher number of pulses (Figure 2c). This
was confirmed by our fluorescence experiments, where the
cells stained with propidium iodide (PI) show an increase in
fluorescence intensity with an increase in the number of bias
voltage pulses (Figure 3a,b). Moreover, the cells electroporated
by different number of pulses on the M2E system still remain
viable, as shown by the relatively constant values of normalized
fluorescence intensity when the cells were stained with calcein-
AM (Figure 3c,d).

Several studies have speculated that subjecting cells to
subsequent pulses with different delay times after the first pulse
can reopen pores that have already resealed.”””” In conven-
tional two-pulses protocols, the second pulse tends to produce
a purely electrophoretically driven force to increase the
intracellular concentrations (for the drug of choice). Demi-
ryurek et al. have shown evidence to suggest that the second
pulse additionally re-porate weakened cell membranes, which
can explain the significant differences in transfection yield
(Figure 3a) compared to single pulse electroporation

protocols. Additionally, the pores generated from the
weakened cell membranes can be nanosized, which can persist
in the membrane for a long time. As such, it is possible that
this theory could be extended to explain the response of a cell
membrane to a train of pulses, where each pulse may
cumulatively increase the number of nanosized pores
(accumulation) and thus extend the recovery time of the cell
membrane. This may explain why the cell recovery of our cells
with multiple pulses (partial recovery and membrane resealing)
in our M2E system, for bias voltage pulses ranging from 0 to
150 pulses, was ~1 h, but when the number of pulses was
increased to 200 pulses, a longer time of ~2 h was observed.
Additionally, the cells at different times after 0 and 200 bias
voltage pulses also demonstrate excellent viability when the
cells were stained with calcein-AM (Figure 3e,f). This indicates
that using our M2E system, we can reaseal the electroporated
cell membranes completely, resulting in an intact cell
membrane that allows the cells to undergo subsequent
analytical processes without compromising their cellular
integrity.

3. DISCUSSION

The main advantages of our system are as follows: (1) it allows
us to observe the partial recovery and membrane resealing
processes using impedance sampling for up to ~2 h using ~5 V
pulses while maintaining excellent cell viability, proving to be a
valuable method of determining the differences in cell response
at different times after electroporation; (2) it is compact and
portable such that cell sampling can be easily obtained; (3) it is
easy to use, allowing various analysis tools to be implemented
in conjunction; and (4) it is transparent, enabling excellent
visual inspection of the cells and allowing the system to be
used for fluorescence staining.

Another key advantage of our system is the ability to provide
a label-free and real-time monitoring method. For example,
with the use of microscale technologies, both electroporation
and cellular assays could be integrated onto a single traditional
electroporation system, allowing simultaneous electroporation
and sampling of a single cell.” Although these systems may
present a high level of integration, they can require a delicate
level of operation as a slight change in pressure within the
chamber can cause damage to the cell under study.””
Moreover, a leakage pathway can occur if the pressure in the
chamber is too low, hindering the electrical detection of pore
formation. Currently, these systems depend on cell lysis
labeling, and it is possible that they are unable to provide
continuous snapshots of cellular behavior.”* On the other
hand, our system can provide a label-free and real-time method
of obtaining cell responses. Furthermore, our system utilizes a
medium population (approximately 6000 to 10000 cells),
which can be necessary since most systems may have inherent
heterogeneity within the population. This inherent hetero-
geneity may reduce the reliability of the observed results.'®”®

A further advantage of our system can be that it allows both
the growth and testing of cells using the same platform. In
contrast, traditional methods may require different platforms
for cell growth and testing.”~’® For instance, our system
allows the cells to be cultured, electroporated, and observed
directly without the need for additional trypsinisation
procedures. These Erocedures can cleave the cell membrane
adhesion proteins”” and affect both the complexity and
morphology of cell membrane surfaces, which can inherently
alter cell responses.’"”*" Furthermore, a series of cell analysis
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steps can be performed for the cell population under test
without compromising the quality of the information obtained.

A limitation to achieving real-time cell monitoring is the
small size of the system. The volume of the cell media that the
system can hold is limited, which presents a level of complexity
when designing an experiment. Although regular media
replenishments can be performed, the system may limit the
maximum number of cells plated to 8000 when the
experiments require the cells to be alive for more than two
hours. Additionally, larger cell populations may not allow us to
accurately quantify cell viability since minor changes in cell
fluorescence may not be detectable using an overconfluent cell
population. As a result, the cell population needs to be
carefully considered before using the system for these
experiments.

Another aspect that can limit the real-time cell monitoring of
the system is the limited evaluation of cell recovery
mechanisms. Traditional methods for real-time monitoring
can be limited by the viability of the cell line after
electroporation. Moreover, the number of studies that can be
performed on the same cell population is limited. Further work
on the recovery mechanism may be achieved by the
appropriate combination of the programming schemes and
device structures for optimizing system performance.

Another limitation of the system can be the nonuniformity
of the electric field distribution in a cell membrane. In our
simulation, the cancerous cell membrane is significantly less
electrically conductive (~5.30 uS/m) compared to the
intracellular (~130 mS/m) and extracellular (~600 mS/m)
media.®' Without a pulsed electric field, pore formation is
absent, and the bias electric field across the membrane is
nonexistent. After a pulsed electric field is applied, a
nonuniform distribution of electric field across the membrane
can be formed, which may be dependent on the positions of
the cathode and anode.®’ The presence of different electric
field regions within the cell reveals that the peak electric field in
the cell interior is smaller compared to the extracellular region
when a pulsed electric field is applied (Supporting Information
Figure S2).

As the strength of the electric field increases, the distribution
of the electric field across the membrane can become more
nonuniform. Moreover, the asymmetry in bias voltage
distribution and differences in membrane conductivity and
permeability, pore density, and pore size in both the plasma
and intracellular membrane regions may influence the
distribution of the electric field across the membrane.*”
Generally, modeling bulk electroporation processes can result
in the formation of the peak electric field only at the cell
membrane, which gradually decays away from the membrane
region.83

A lack of uniformity in the distribution of electric field in a
cell membrane may result in a disruption in the ion-transport-
controlled process, an unequal spatial opening of generated
pores, and early apoptosis.”> To minimize these side effects,
the optimization of electric field parameters such as the bias
voltage amplitude, the length of pulses, the strength of the
electric field, and the frequency of bias voltage pulses is
necessary. Moreover, there is a need for further studies related
to how the nonisotropic conductivity of the structures may
improve the uniformity of the distribution of the electric field
across the membrane.

4. CONCLUSIONS

In this current work, we demonstrated that M2E can enable
ultralong-time recovery and low-voltage electroporation for
monitoring the membrane permeability of cancer cells. Electric
field simulations disclose the bias-voltage- and gap-size-
dependent electric field intensities in the M2E system. Unlike
other traditional monitoring methods that can require
specialized monitoring components, expensive materials, a
complicated fabrication process, and multiple cell manipu-
lation, M2E is based on a micrometer-sized pattern and a low-
voltage pulse generator which are generally accessible to
standard laboratories. It is possible that with its excellent
transparency and ease of use, M2E can offer a long-time
recovery, low-voltage method for cell process monitoring.

5. METHODS

5.1. System Fabrication. The custom-built microgap,
multishot electroporation (M2E) system consists of the ITO
subsystem and MCF-7 cells (Figure 1a). The 650 nm thick left
and right indium—tin oxide (ITO) electrodes were sputtered
on top of a glass substrate. The width of the gap between the
electrodes was chosen to be ~100 ym. MCF-7 cells were
plated to complete the electroporation system. Scanning
electron microscopy (SEM) images of the system are shown
in Figure 1b. Cell chambers (Sigma) were attached to the ITO
subsystem for cell storage.

5.2. Cell Culture. MCF-7 cells were cultured in phenol-
red-containing Dulbecco’s modified Eagle’s medium (DMEM)
(Nacalai Tesque), supplemented with 7.5% fetal bovine serum
(FBS) (Sigma) and 2 mM L-glutamine (Gibco). Cells were
incubated at 37 °C in a humidified atmosphere of 5% CO,.

5.3. Experimental Setup. The ITO subsystems were
sterilized in 70% ethanol for 20 min and then exposed to
ultraviolet (UV) irradiation for another 20 min. The MCE-7
cells were plated on each ITO subsystem at a density of 8 X
10° cells per well and incubated for 24 h prior to an
experiment.

5.4. Electrical Setup and Protocol for Electroporation.
Prior to impedance sampling, the cells were washed with 120
uL of Dulbecco’s phosphate-buffered saline (DPBS) (Gibco)
and 120 uL of fresh Dulbecco’s modified Eagle’s medium
(DMEM) was added. Cells were electroporated with bias
voltage pulses of different amplitudes from 0 to S V and
different number of pulses from 0 to 200 pulses.

An arbitrary-waveform generator (Tektronix) was used to
program different number of pulses or bias voltages, which was
delivered to the cells via external circuitry, and the signals at
different times after passing through the cells were analyzed
with an oscilloscope (Tektronix). The schematic of the pulse
sequence used can be seen in Figure 1f. The testing setup is
illustrated in the Supporting Figure S1. Ry represents cell
impedance, which can be calculated by eqs 1 and 2

V

I= out

R, (1)

Vi, =V,
Rcen - in out R2
I )

After electroporation, cell impedance was then calculated for
different times from 0 to 120 min. Thereafter, normalized cell
impedance was calculated (normalized impedance = impe-
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dance of system with the target number of pulses/impedance
of system with 0 pulse).

5.5. Fluorescence Intensity Analysis. To monitor and
assess the degree of electroporation, two types of fluorescence
dyes were used to demonstrate the efliciency of electroporation
and cell viability. For fluorescence intensity analysis, the cells
were washed with 120 yL of DPBS and the media were
replaced with 120 uL of fresh DMEM containing 0.03 mM
propidium iodide (PI) (Thermo Fisher) and/or 0.1 uM of
calcein-AM (Sigma Aldrich) before electroporation. After
electroporation, the cells were left to rest before fixation with
2% formaldehyde (Sigma Aldrich) and imaged using a
fluorescence microscope. Images were taken at 10 different
fields of the sample, among which six were chosen and
processed with Image]. The fluorescence intensity values were
then obtained from each image and normalized against control
samples, i.e., the cells that experienced no pulse.

5.6. Simulation Procedure. To investigate the electric
field distribution of the M2E system, a finite-element
simulation of the model was conducted using commercial
software (CST Microwave Studio and ANSYS). The system
was modeled with an assumed homogeneous cell layer to
simplify the simulation calculations. In a frequency-domain
solver, Maxwell’s equations were transformed into the
frequency domain while assuming that the fields and excitation
sources were time-harmonic-dependent. The solver can be
described by the following equation:

E = R{E(w) exp(jwrt) } (3)

The parameters used in the simulation are shown in the
Supporting Table S1. The electric field distributions of the
model with different bias voltages were calculated.
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