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In vitro intracellular delivery is a fundamental challenge with no widely adopted methods capable of both
delivering to millions of cells and controlling that delivery to a high degree of accuracy. One promising method is
porous substrate electroporation (PSEP), where cells are cultured on porous substrates and electric fields are used
to permeabilize discrete portions of the cell membrane for delivery. A major obstacle to the widespread use of
PSEP is a poor understanding of the various impedances that constitute the system, including the impedances of
the porous substrate and the cell monolayer, and how these impedances are influenced by experimental pa-
rameters. In response, we used impedance measurements to develop an equivalent circuit model that closely
mimics the behavior of each of the main components of the PSEP system. This circuit model reveals for the first
time the distribution of voltage across the electrode-electrolyte interface impedances, the channels of the porous
substrate, the cell monolayer, and the transmembrane potential during PSEP. We applied sample waveforms
through our model to understand how waveforms can be improved for future studies. Our model was validated

from intracellular delivery of protein using PSEP.

1. Introduction

Reversible electroporation is one of the most used methods for
intracellular delivery alongside viral and chemical vectors (Stewart
et al., 2016). Electroporation involves subjecting cells to an electric field
to induce reversible permeabilization of the cell membrane for delivery
or extraction of drugs, proteins, and nucleic acids (Cervia and Yuan,
2018; Shi et al., 2018a), or to induce irreversible permeabilization for
tumor ablation (Aycock and Davalos, 2019). The most common form of
electroporation is bulk electroporation, where millions of cells are sus-
pended and electroporated within a cuvette. Porous substrate electro-
poration (PSEP) is an alternative high throughput method that allows
delivery to cells in adherent culture conditions, thus reducing stress and
allowing electroporation on sensitive cells, such as primary cells and
stem cells (Chang et al., 2016c; Shi et al., 2018b). During PSEP, cells are
cultured on porous membranes (Mukherjee et al., 2020) or silicon chips
(Dong et al., 2020) so that only regions of the cell over the micro- or
nanochannels in the substrate are exposed to the electric field and un-
dergo permeabilization. The total area of the cell exposed to the electric
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field can be far below 1% (Cao et al., 2019b), reducing stress on the cell.
Many studies have utilized PSEP for delivery, but the underlying de-
livery mechanism remains relatively unexplored. Some differences be-
tween PSEP and bulk electroporation that require additional
investigation are the role of channel geometry and materials on trans-
port through the substrate, the reduced role of endocytosis on mem-
brane transport, and the role of cellular adhesion on pore formation and
intracellular transport to the nucleus. Researchers using PSEP and
similar methods such as nanostructure electroporation have hypothe-
sized that strong electric fields occur within the channels, making
electrophoresis the primary mechanism of delivery (Chang et al., 2015a;
Chen et al., 2016; Fei et al., 2007; Khine et al., 2007). However, the
magnitude of the electric field within the channels has not been exper-
imentally determined, making it difficult to assess the role of electro-
phoresis in the delivery process. Indeed, most of the theoretical
understanding of the PSEP process is based on simulations of a single cell
over a single channel (Chang et al., 2015b; Fei et al., 2010) and these
simulations do not include the influences of the surrounding cells and
channels. Furthermore, there is not a consensus regarding the
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importance of cell confluency on delivery with these and related sys-
tems; some researchers suggest confluency must be above a certain value
for electroporation to occur (Mukherjee et al., 2018) and others claim it
is insignificant (Cao et al., 2018). Additionally, the roles of parameters
such as electrolyte composition and conductivity, ambient temperature,
electrode distance, channel size and density, cell type, and waveform
selection require further study, making comparisons between studies
difficult. Impedance measurements of PSEP systems are not often pub-
lished (Fei et al., 2013), and electrode-electrolyte interface (EEI) im-
pedances in particular have not been accounted for in PSEP simulations.
EEI impedances are caused by electrochemical reactions and the elec-
trical double layer formed when ions adsorbed to the surface of the
electrode interact with diffuse ions present in the electrolyte (Epelboin
et al., 1973). These impedances can be very large and are inversely
dependent on voltage (Mayer et al., 1992). Some authors have discussed
the impedances that occur at the electrode-electrolyte interface (Huang
and Rubinsky, 2001; Mukherjee et al., 2018), but simulations thus far
have utilized a far-field voltage in the electrolyte as a boundary condi-
tion rather than the known voltage applied at the electrodes. Without
accounting for the EEI impedances, it is difficult to predict the far-field
voltage from an applied voltage at the electrodes.

The electroporation process is dependent on the voltage and the
corresponding electric field present at different points in the system.
Therefore, to understand the underlying delivery mechanisms and thus
improve PSEP so that it can fulfill the many applications of in vitro
intracellular delivery, the relationship between the applied voltage and
the voltage experienced at different points in the system needs to be
investigated. The voltage at different points in the system, which are
often frequency and waveform-dependent, are difficult to understand
without a circuit model which accounts for all relevant system imped-
ances based on experimental data. Circuit models have been used to
understand similar electrochemical systems (Kang et al., 2014),
including systems containing porous substrates such as batteries (Zhang
et al., 2017) and supercapacitors (Zhang et al., 2018). Thus, a circuit
model that reflects the macroscale environment is needed to improve
simulations of individual substrate channels and cells. For example,
although individual channels have very large impedance values, they
must be analyzed in the broader context of the numerous parallel
channels to determine if they contain a large electric field. Higher
quantities of parallel channels reduce the impedance of the substrate,
and therefore reduce the electric field generated in the channels.

To help clarify the underlying phenomena and improve upon exist-
ing PSEP simulations, we have constructed a macroscale circuit model of
PSEP systems using experimentally measured impedance values. Our
model quantifies the impedance contributions of the major components
of the PSEP system, including the combined EEI and bulk electrolyte
impedance, the substrate impedance, and the cell monolayer imped-
ance. We used this model to simulate the voltage drop across each circuit
element with different waveform voltage amplitudes, pulse widths, and
frequencies, and to estimate the resulting transmembrane potential
(TMP). Our model was validated using electroporation with different
voltages, seeding densities, and electrolytes.

2. Materials and methods
2.1. Device fabrication

PDMS molds were printed with a Stratasys Objet 500 Connex3 3D
printer using VeroClear. After removal of support material, molds were
baked at 80°C for 8 h. Without baking, PDMS did not crosslink at the
PDMS-VeroClear interface. After degassing, substrates (polycarbonate
membranes, it4ip, Belgium) were placed in molds and the two sides of
the molds were screwed together. PDMS was added to the molds using a
syringe through fill holes in the upper surface. The molds were baked at
80°C for 1 h and the devices were ready for use. After the PDMS was
cured around the substrate in the mold, it was retained within the mold
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for the duration of the experiment. Following an experiment, the molds
were separated and the PDMS sheet with embedded substrates was
removed and discarded.

2.2. Cell culture

Devices were sterilized with 70% ethanol and UV light for 1 h. After
sterilization, devices were soaked in distilled water to remove remaining
ethanol. A 5 pg/mL fibronectin solution in phosphate-buffered saline
(PBS) was added to the wells and incubated at 37°C overnight to allow
increased cell-substrate adhesion. The fibronectin solution was
removed, and the wells were washed with distilled water twice and cell
culture media once. HEK293 cells (ATCC) were seeded in the wells 12 h
prior to experiments to allow sufficient adhesion. HEK293 cells were
chosen because they are commonly used for electroporation. Cell culture
media consisted of Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) with 10% v/v fetal bovine serum (FBS) (Gibco) and 1% v/v
penicillin-streptomycin (Gibco).

2.3. Impedance measurements without cells

A Keysight U2761A function generator was used to generate alter-
nating current (AC) sine waves with amplitudes of 40 mV to 5V and
frequencies of 10Hz-3000Hz. The measured root-mean-square (RMS)
voltage across a known load was used with the known AC input at fre-
quencies ranging from 10 to 3000Hz to approximate the impedance of
the function generator. The RMS voltage across the load was measured
using a National Instruments USB-4065 digital multimeter. For voltages
higher than 5V, a Taidacent OPA541 amplifier was used.

2.4. Seeding density impedance measurements

Cells were seeded the night before at various seeding densities.
Propidium iodide (Invitrogen) was added at a concentration of 5 pg/mL
(7.5 pM) prior to applying the waveform to ensure the waveform did not
cause permeabilization or death. Impedance measurements were ob-
tained using a 2.5V amplitude sinusoidal waveform while the cells were
incubated. After measuring, calcein AM (Invitrogen) was added to the
cell culture chambers to assess viability at a final concentration of 5 pg/
mL (8 uM) and cells were incubated for 5 min. Only living cells were
assessed because dead cells were assumed to have reduced adhesion and
thus a reduced impact on system impedance. Composite images con-
sisting of 9 images per well were obtained using a Zeiss Axio Observer 5
fluorescent microscope.

2.5. Impedance calculation

The magnitude of the load impedance was approximated from the
RMS voltage using the following equation:

Vims load

1
Z|= R )
| | (Vrms,murce - Vrm.x,l(mzl) (C02nj + 0) 1

where |Z| is the magnitude of the load impedance; V00 is the RMS
voltage across the load impedance; Vi source is the RMS voltage applied
by the function generator; Co is the equivalent capacitance of the
function generator, measured to be 2 mF; and Ry is the equivalent
resistance of the function generator, measured to be 50€Q.

2.6. Circuit model simulation of different waveforms

The MATLAB code used for these simulations is available for
download at https://github.com/YangLabUNL/PSEP_circuit_ model.
The combined EEI and bulk electrolyte impedance was calculated at
multiple voltages using the experimentally determined voltage rela-
tionship. For unilevel square waves, impedances were calculated at a
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high voltage and 0 V. High voltages that were investigated include 4, 5,
6, 25, and 125 V. For bilevel square waves, the impedances were
calculated at 25V, 5V, and 0 V. For exponential waves impedances were
calculated at 100 linearly spaced voltages from O to 25 V. A 100-term
Fourier series was calculated for the waveform applied to the circuit.
The Laplace transform was calculated for each term in the Fourier series.
Fourier terms were analyzed separately before summing to reduce
computational complexity. The Laplace transforms were substituted into
the following equations which describe the magnitude of the voltage
across the combined EEI and bulk electrolyte impedance (Vg) and sub-
strate impedance (Vg), respectfully, in the frequency domain:

unn‘e (S)ZE
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The inverse Laplace transforms of Egs. (2) and (3) were calculated at
each of the combined EEI and bulk electrolyte impedance voltages
mentioned earlier for each term in the Fourier series. Each series of in-
verse Laplace transforms were summed to produce an equation for the
voltages across the EEI and substrate impedances in the time domain.
The voltage across the cell monolayer was calculated as the difference
between the applied voltage and the voltage across the EEI and substrate
impedances. The TMP was calculated as 80% of the voltage drop across
the cell monolayer.

2.7. Electroporation

Cells were removed from the incubator and the cargo chamber was
filled with 2.5 mg/mL bovine serum albumin (BSA) conjugated with
Alexa Fluor 555 or Alexa Fluor 647 (Invitrogen) in PBS (Gibco) or hypo-
osmolar buffer (HOB) (Cole-Parmer). For some experiments, the DMEM
in the cell culture chamber was replaced with HOB to assess the influ-
ence of electrolytes on electroporation. The device was placed in the
fixture and gold-plated electrodes were inserted into the chambers. The
fixture was transferred to the incubator and the electrodes were plugged
into a Bio-Rad Gene Pulser II Electroporation System with RF Module.
400 unilevel square electric pulses were generated with 3 ms pulse
duration, 500 ms pulse interval, and various voltages. Electrodes were
used only once due to corrosion and polarization from the electric
pulses.

2.8. Imaging

After electroporation, both chambers were washed twice using
DMEM, then the culture chamber was filled with DMEM containing 5
pg/mL of calcein AM and 20 pg/mL of Hoechst 33342 (Invitrogen). Cells
were washed after all six wells had been electroporated, meaning the
first wells were washed approximately 20 min after pulses were applied
and the last wells were washed immediately. We did not observe a trend
in viability or delivery based on well number. Cells were incubated at
37°C with 5% CO- for 5 min before the chambers were inverted and
imaged using a Zeiss Axio Observer 5 fluorescent microscope. Hoechst
33342 was used to quantify the total cells and calcein was used to
quantify viability. Total delivery was determined from the number of
cells containing BSA as a fraction of total cells. Delivery efficiency was
determined from the number of cells with simultaneous BSA and calcein
internalization as a fraction of total cells.

3. Results and discussion

3.1. A high throughput electroporation and electrical measurement
platform

Many PSEP parameters remain poorly understood because PSEP is
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time-consuming and labor-intensive. PSEP often requires new devices
for each experiment, to ensure the narrow channels are free of previous
cargos and biological materials. Therefore, prior to conducting experi-
ments we developed a method of creating PSEP chambers using PDMS
cured in 3D printed molds (Fig. 1A-B, Figs. S1 and SI). This process
facilitates parallel and high throughput impedance measurements and
electroporation. In addition, PDMS molds have advantages including
more consistent shape and size, and increased throughput and robust-
ness from eliminating steps involving sealing two separate cell culture
wells around the substrate. Each mold contains multiple wells allowing
multiple samples to be prepared simultaneously (Fig. 1C). Furthermore,
we modified PSEP by rotating the substrate vertically (Fig. 1D). The
liquid in the chambers is held in place by capillary action. Positioning
the substrate vertically removes the step of sealing the lower well to the
lower electrode, increasing throughput.

Devices were evaluated for substrate properties and biocompati-
bility. Scanning electron microscope (SEM) images of substrates show
channels of the approximate size and density specified by the manu-
facturer (Fig. 1E). Channels are randomly spaced throughout the sub-
strate and some deviate significantly from perpendicular to the surface.
HEK293 cells were cultured in the wells with high viability, and we
observed no changes in cell morphology or proliferation rate (Fig. 1F).
Each well can contain approximately 40,000 cells per well for a total of
240,000 cells per mold. The cell culture chamber can hold 45 pL of cell
culture media, which is sufficient for overnight culture at high con-
fluency. Each culture chamber is 2 mm deep to allow cells to be imaged
on the substrate using an inverted microscope when the mold is
inverted.

3.2. An equivalent circuit model based on measured impedance of the
electroporation system

We developed an equivalent circuit model using impedance mea-
surements of increasingly complex configurations of PSEP to determine
the contributions of different elements (Fig. 2), including the substrate,
bulk electrolyte, electrodes, and cell monolayer. Each impedance value
can be found in Table 1. The function generator impedance was
measured using a voltage divider consisting of the function generator
and known resistors and capacitors. The frequency range was chosen to
encompass frequencies commonly used for PSEP (Brooks et al., 2020),
although the minimum frequency was limited to 10Hz because lower
frequencies yielded inaccurate RMS voltage values. The function
generator resistance in our model agrees with the 50Q impedance
specified by the manufacturer, and the resistance and capacitance in our
model produced load voltages matching the voltages measured across
different resistors and capacitors (Fig. 2B).

Using the function generator impedance, a voltage divider was used
to measure the impedance of wells filled with PBS without substrates
(Fig. 2C). This impedance consists of the voltage-dependent EEI
impedance and the bulk electrolyte impedance. Above approximately
20 mV EEI impedances become highly nonlinear (Fasmin and Sriniva-
san, 2017; Lasia, 2014), resulting in impedances measured at lower
voltages being several orders of magnitude higher than impedances
measured at higher voltages. Each voltage also exhibited decreasing
impedance with increasing frequencies, indicating capacitive effects.
The combined EEI and bulk electrolytic impedance was modeled as a
variable resistor in parallel with a series variable capacitor, variable
resistor, and constant resistor. A resistor and capacitor in parallel were
used to produce the voltage exponential decay that occurs at low fre-
quencies. Additional resistors were used to shift the function upwards to
reproduce the high frequency behavior. Variable resistors and capacitors
were used to represent the voltage dependence of the impedance. EEI
impedances are dependent on electrodes and electrolytes, so conditions
used by other researchers may have higher or lower EEI impedances.

To measure the substrate impedance, measurements were repeated
for devices with substrates of different channel size, channel density,
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Fig. 1. System overview. A. Depiction of the mold placed in the fixture for electroporation. The electrodes are in contact with the culture and cargo chambers and
connected to a function generator. The electrode polarity shown is for delivery of negatively charged cargo. B. Enlarged depiction of the cells on the substrate. C.
Image of the 3D printed mold with DMEM in each well. D. Image of the assembled mold and fixture with a metric ruler for scale. E. SEM image of a 200 nm substrate
without cells with a higher magnification image of a single channel. F. Image showing viability of cells stained with calcein and PI after being cultured in the device.
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Fig. 2. An equivalent circuit model for PSEP systems. A. Circuit model with a voltmeter attached in a voltage divider configuration for impedance measurements.
Red impedances represent the function generator impedances, blue impedances represent the combined EEI and bulk electrolyte impedances, gold impedances
represent the substrate impedances, and the green resistor represents the cell monolayer impedance. B. RMS voltage versus frequency for known loads (n = 5) and
corresponding values predicted using the function generator impedances in our model. C. Impedance versus frequency at multiple voltages for the combined EEI and
bulk electrolytic impedances (n = 12) and corresponding values predicted by our model. D. Impedance versus frequency of substrates (n = 12) and corresponding
values predicted by our model. E. Comparison between substrate impedances calculated using resistivity equations and measured substrate impedance values (n =
12). F. Impedance versus frequency of confluent samples (150, 175, and 200 thousand cells-cm~2) subtracting the impedance of unseeded samples (n = 6), and the
corresponding 90 resistance used in the model. Values in 2F are slightly horizontally shifted for clarity. Error bars are present in 2B-2F and represent the standard
error of the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Circuit model impedances.

Section Circuit Element Value

Function Generator Co 2000 pF
Ro 50.176Q

EEI and Bulk Electrolytic (PBS) Ce 2.0365* V0354 F
Rg1 89.844Q
Rg2 35.441*V-Q
Res 2532.7*V 1176

50 nm Substrate Cs 14.852 pF
Rs1 11130Q
Rso 1142.4Q

200 nm Substrate Cs 140.74 pF
Rg1 61.580Q2
Rs2 16.055Q

1200 nm Substrate Cs 95.155 pF
Rg1 133.15Q
Rsa 54.655Q

2000 nm Substrate Cs 88.297 pF
Rs1 1927.7Q
Rsa 83.890Q

Cell Monolayer Cc 0.2 pF
R¢ 100Q

and thickness (Fig. 2D). Substrates with 50, 200, 1200, and 2000 nm
channels were measured. Additional substrate properties can be found
in Table S1. The EEI and bulk electrolytic impedance was subtracted
from the total impedance to estimate the substrate contribution. The 50
nm substrates had the highest impedance of any substrates, but coun-
terintuitively, the 200 nm substrates had the lowest impedance. The
substrate impedances were approximated with a parallel resistor and
capacitor, both in series with a resistor. Similar to the combined EEI and
bulk electrolyte impedance, the parallel resistor and capacitor were used
to reproduce the exponential decay and the additional resistor was used
to reproduce the high frequency behavior. Each substrate has a separate
set of values for these three elements. We did not observe a trend in these
element values across substrates, possibly because parameters such as
substrate thickness, pore diameter, and pore density were varied
simultaneously. Substrate impedances at 2500Hz were compared to the
theoretical resistance of each substrate calculated using the formula for
resistivity R = L, where ¢ is the PBS conductivity, L is the substrate
thickness, and A is the total cross-sectional area of all the substrate
channels in the well (Fig. 2E). The PBS conductivity was measured
1.75S/m. The impedance at 2500Hz was used to minimize substrate
capacitance. The measured substrate impedances are much higher than
the calculated impedances, likely because resistivity equations do not
apply in smaller channels. Resistivity equations do not account for
surface charges on channel walls that influence a large percentage of
ions within smaller channels (Kemery et al., 1998; Yang, 2018). The
influence of surface charges can be counteracted by increasing the
number of free ions using electrolytes with high ionic concentration
(Cornelius et al., 2007; Yang, 2018), but these electrolytes are toxic to
cells and do not reflect PSEP conditions. Angled channels may also
contribute to the discrepancy between the measured and calculated
values.

Cells were cultured on substrates to determine their impedance. The
substrates were coated with fibronectin and cells were cultured over-
night at seeding densities ranging from no cells to 200,000 cells/cm?
(40,000 cells per well). The DMEM in the cell culture chamber was
replaced with fresh DMEM and HOB was added to the cargo chamber
prior to measuring. Impedance measurements were recorded in an
incubator to minimize stress on the cells. Measurements were recorded
at 2.5V and the same frequencies as the other measurements. Cells were
stained with calcein and imaged to confirm viability and confluency
after each measurement. Confluencies corresponding to each seeding
density can be found in Table S2. There was no correlation between
confluency and impedance at low frequencies (Figs. S2 and SI), but at
high frequencies, the cell monolayer impedance was significant above
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125,000 cells/cm?. Above 150,000 cells/cm?, higher seeding densities
did not cause an increase in impedance. Together, the impedance
measurements and fluorescent images show the cell monolayer imped-
ance is not significant until nearly 100% confluency has been achieved,
after which there is no further increase in impedance. We observed no
correlation between seeding density and impedance when cells were
given less than 12 h to adhere. Our hypothesis is reduced adhesion time
results in greater current leaking at channel openings due to decreased
adhesion strength and reduced spreading.

We subtracted the impedance measured without cells from the
impedance measured with seeding densities of 150, 175, and 200
thousand cells/cm? to determine the cell monolayer impedance at
approximately 100% confluency (Fig. 2F). At low frequencies, the dif-
ference in impedance is negative, perhaps because of the discrepancy
between our EEI model and the EEI measurements as seen in Fig. 2C.
Previous studies have shown cell monolayers behave as resistors and
capacitors in parallel, with the impedance approximately constant
below 1 kHz and decreasing to almost zero at frequencies above 10 kHz
(Cacopardo et al., 2019; Linz et al., 2020). Cell monolayer resistances
have been reported ranging from less than 10Qcm? to over 1000Qcm?
(Cereijido et al., 1978; Erben et al., 1995). Similarly, we measured our
cell monolayer resistance to be approximately 100Q, or 20Qcm?. 2.5
kHz was chosen as the upper limit of our measurements because our
model is intended to aid in understanding PSEP, which thus far has been
limited to pulse frequencies of 200Hz and below (Brooks et al., 2020). As
a result, the high frequency behavior of our model is uncertain, but we
chose a cell monolayer capacitance of 0.2 pF, or 1 pF/cm? because this
capacitance is consistent with previously reported values of 1-10
pF/cm2 (Bertrand et al., 1998; Linz et al., 2020; Wegener et al., 1996)
and is in good agreement with our data, as shown in Fig. 2F. Unlike some
models of cell impedance (Susloparova et al., 2013), our model neglects
the leakage current at the cell-substrate interface due to the difficulty in
determining this current at the macro-scale. However, cells in our ex-
periments were allowed to adhere at least 12 h to reduce the influence of
these currents. To observe whether the cell monolayer impedance varied
with voltage, we measured the monolayer impedance with amplitudes
of 2.5V (Figs. 2F) and 8V (Figs. S3 and SI). Significant necrosis was
observed at amplitudes of 5V or greater through simultaneous PI
internalization and calcein exclusion. Similar to the measurements at
2.5V, at 8V unseeded wells and wells seeded with 200,000 cells/cm?
were measured and the unseeded well impedance was subtracted from
the seeded well impedance. Extensive necrosis was visible at the higher
voltage, yet the monolayer impedance was approximately equal at both
voltages. Although we expected the monolayer impedance to decrease at
higher voltages, the lack of change in impedance may be due to the low
percentage of total cell membrane surface area permeabilized during
PSEP.

Measuring the cell monolayer impedance allows us to estimate the
TMP that occurs with various waveforms. The cell monolayer imped-
ance consists of three impedances: the basal cell membrane, cytoplasm,
and apical cell membrane. The voltage across the basal cell membrane is
the TMP. The cell membrane has a much higher impedance than the
cytoplasm (Kang et al., 2013), and the surface area of the basal cell
membrane over the channels is much smaller than the surface area of the
apical cell membrane, making the basal cell membrane the largest of the
three impedances. Assuming the resistivity and thicknesses of the basal
and apical cell membranes are equal, and the 1200 nm substrate has a
porosity (p) of 24.9%, while neglecting the impedance of the cytoplasm,
we get Eq. (4):

Vimonolayer
Vam :%:O-SOleonaawr 4
basal 1+p lay “4)
Thus, the TMP estimated from Eq. (4) is 80% of the voltage across the
cell monolayer. An expanded derivation of the TMP is located in the
supporting information.
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3.3. Effects of electrical waveforms on the voltage across different circuit
components

The circuit model was used to calculate the voltage drop across the
combined EEI and bulk electrolytic impedance, substrate, cell mono-
layer, and TMP when different waveforms were applied (Fig. 3). The
MATLAB code used for these calculations can be downloaded at the
location in the materials and methods section. 20Hz square waves with
10 ms pulse duration and 40 ms pulse interval at voltages of 5, 10, and
25V and impedances of PBS, a 1200 nm substrate, and a confluent cell
monolayer were used to demonstrate the effect voltage has on the
voltage drop across each of the three main impedances and the TMP
(Fig. 3A-C). Although recent bulk electroporation studies have utilized
nanosecond pulse duration (Gianulis et al., 2015) and MHz frequencies
(Ruzgys et al., 2019), our analysis is limited to values used for PSEP in
the literature (Brooks et al., 2020). Fig. 3A-C demonstrate the
non-intuitive changes that occur when different waveforms are applied,
namely the nonlinear voltage relationship and the differences in
charging and discharging of different components during each pulse.
Higher voltage resulted in a higher proportion of the voltage drop
occurring across the substrate and cell monolayer. The effects of
different configurations of resistors and capacitors on charging rates and
magnitudes can also be seen within each pulse duration. The circuit
impedances charge much slower than they discharge due to the voltage
dependency of the EEI capacitance. To account for permeabilization of
the cell membrane that occurs after a critical TMP of 0.2-1V is exceeded,
the TMP is limited to 1V or less. Corresponding electric field values for
the different system components can be found in Table S3. The effect of
different waveform shapes was also observed by simulating bi-level
square pulses and exponential decay pulses (Figs. S4 and SI).

The influences of voltage, pulse frequency, and pulse duration on the
distribution of voltage among the three impedances and the TMP were
each analyzed over multiple conditions (Fig. 3D-F). The influence of
applied voltage on voltage division was determined by producing
waveforms similar to those in Fig. 3A-C at 8 different voltages ranging
from 0.1V to 25V. The average percent contribution from each
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impedance and the percentage constituting the TMP was recorded at
each condition as shown in Fig. 3D. Like the waveforms in Fig. 3A-C, the
combined EEI and bulk electrolyte impedance is dominant at low volt-
ages and the substrate and cell monolayer impedances are dominant and
similar in magnitude at higher voltages, with the midpoint occurring at
approximately 15V. To observe the influence of frequency, the wave-
form shown in Fig. 3B was simulated at frequencies ranging from 0.5Hz
to 50Hz (Fig. 3E). No influence due to frequency was observed because
the system rapidly discharges after each pulse. The influence due to
pulse width was observed by simulating the waveform shown in Fig. 3B
with pulse widths ranging from 0.5 ms to 100 ms (Fig. 3F). With a pulse
width of 0.5 ms, the largest voltage drop occurs across the combined EEI
and bulk electrolyte impedance, followed by the cell monolayer
impedance, and the substrate impedance. At longer pulse widths, the
substrate contributes a larger portion of the system impedance due to
continued charging of the substrate capacitance, while the other im-
pedances decrease in magnitude.

These simulations show how much the applied voltage drops across
the EEI impedance before reaching the channels and cell membrane.
Moreover, the voltage dependency of this impedance complicates con-
clusions made by researchers about pore evolution and the optimal
voltage for delivery of different sized cargos (Cao et al., 2019a;
Mukherjee et al., 2018; Shiva Nathamgari et al., 2019), since the
transmembrane potential does not increase linearly with increases in
voltage between the electrodes. In addition to the voltage drop at the
electrode-electrolyte interface, understanding the voltage drop through
the channels is important for predicting the electrokinetics of cargo
transported through them. Many studies have calculated that most of the
voltage drop in the system occurs across the channels (Bertani et al.,
2015; Cao et al., 2019b; Chang et al., 2016a, 2016b). In contrast, our
model predicts lower electric fields across the substrate and basal cell
membrane at low voltages than simulations which neglect the EEI
impedance and its voltage dependent behavior. At voltages of 25V or
greater, our model is in closer agreement with other simulations due to
the large decrease in the influence of the EEI impedance. Without
impedance measurements of the substrates used in other studies, it is
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Fig. 3. Voltage distribution across PSEP components with applied waveforms. A-C. Waveforms applied to our model at 5, 10, and 25V showing the relative
influences of the combined EEI and bulk electrolytic impedance, substrate impedance, cell monolayer impedance, and TMP changing with voltage and time. The
model conditions are PBS, a 1200 nm substrate, and a confluent cell monolayer. Each wave has a pulse width of 10 ms and a pulse frequency of 20Hz. The TMP is
defined as 80% of the cell monolayer voltage but is limited to 1V or less due to cell membrane permeabilization. D. Percentage of applied voltage across each element
as a function of voltage for a 10 ms, 20Hz square wave. E. Percentage of applied voltage across each element as a function of pulse frequency for a 10V, 10 ms square
wave. F. Percentage of applied voltage across each element as a function of pulse width for a 10V, 20Hz square wave.
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unclear whether their substrates have much higher impedances or

whether the voltage drop is occurring at other points in the system such
as the EEI impedance.

3.4. Circuit model validation through electroporation

HEK293 cells were electroporated under various conditions with the
dual purpose of validating our model and demonstrating that our model
could be used to streamline parametric selection such as the voltage
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necessary for electroporation to occur. Fluorescently-tagged bovine
serum albumin (BSA) was chosen as the cargo because it allows delivery
to be observed immediately without transcription, translation, or nu-
clear delivery. The effects of voltage, electrolytes, and seeding density
on viability, total delivery, and delivery efficiency were observed
(Fig. 4). In this study, viability is defined as the percentage of cells alive
after electroporation. Total delivery is defined as the percentage of cells
containing BSA, regardless of whether the cells survived. Delivery effi-
ciency is defined as the percentage of living cells containing BSA. Viable
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Fig. 4. Influence of voltage, electrolytes, and seeding density on electroporation. The electroporation parameters for each sample were 400 unilevel square
pulses at 0.5 Hz with 3 ms pulse duration. A-C. Fluorescent microscope images of cells after electroporation when different electrolytes (DMEM, PBS, and HOB) are
used in the cell culture and cargo chambers. D-G. Fluorescent microscope images of cells after electroporation when different seeding densities are electroporated. H.
Percentage of cells viable, delivered to, and delivery efficiency at different voltages. I. Percentage of cells viable, delivered to, and delivery efficiency using different
electrolytes. The electrolytes are listed underneath the graphs with the culture chamber electrolyte on top and the cargo chamber electrolyte on bottom. J. Percentage
of cells viable, delivered to, and delivery efficiency using different seeding densities. Error bars are present in 5H-5J and represent the standard error of the mean (n
> 3). Statistical significance was calculated using a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison post-hoc test. p < 0.05 was
considered statistically significant. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001.
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cells were identified by calcein inclusion and total cells were identified
by Hoechst 33342 inclusion. Viability, total delivery, and delivery effi-
ciency were quantified using image processing (Figs. S5 and SI). Our
viability and delivery percentages are lower than other recent studies,
which may be explained by 2 reasons: our system parameters can be
further optimized, and when image processing was ambiguous, we
sought to underestimate delivery. For each experiment, representative
images and quantitative graphs are shown (representative images for the
voltage experiment are shown in Figs. S6 and SI). All experiments used
waveforms with 400 pulses, 3 ms pulse duration, and 500 ms pulse in-
terval. These waveform parameters were based on waveform parameters
from a study by Mukherjee et al. which utilized a similar PSEP device
(Mukherjee et al., 2020). Cells were electroporated in the incubator
(Figs. S7 and SI) to maintain viability. The standard conditions for these
experiments were voltage set at 8V, a seeding density of 150,000
cells~cm’2, and DMEM used in the cell culture chamber while HOB was
used in the cargo chamber. The influence of voltage, electrolytes, and
seeding density on delivery and viability were investigated one at a time
with all other variables kept at the standard conditions.

Our model could not be used directly to predict the necessary voltage
for electroporation because our model uses room temperature PBS
rather than DMEM and HOB at 37°C. The EEI and bulk electrolyte im-
pedances were measured approximately 2 times higher for the electro-
poration conditions, decreasing the TMP by about half. Using a 0.5
correction factor to account for this 50% decrease and the TMP
comprising 80% of the cell monolayer mean the true TMP is approxi-
mately 40% of the cell monolayer voltage predicted by our model.
0.2-1V has been stated as the TMP necessary for electroporation to
occur (Wang et al., 2010). For a 6V, 3 ms duration waveform applied to
room temperature PBS, our model predicts a peak cell monolayer
voltage of 1.7V and an average of 1.3V. For a 4V, 3 ms duration wave-
form applied to room temperature PBS, our model predicts a peak cell
monolayer voltage of 1.1V and an average of 0.7V. After applying the
0.5 correction factor mentioned earlier to account for DMEM at 37°C,
our model predicted that 4V would produce an average TMP of 0.3V and
6V would produce an average TMP of 0.6V, values in the range of critical
TMP estimated by previous studies (Figs. S8 and SI). Corresponding
estimations of the electric field delivered to the cells at 4, 6 and 8V are
shown in Table S4.

To assess our model’s ability to predict the necessary voltage for
electroporation to occur, voltages ranging from OV to 15V were applied.
At 0V, no delivery and approximately 100% viability were observed,
while at 8V significant delivery and cell death were observed (Fig. 4H).
6V was the minimum voltage where delivery occurred. We observed that
6V allowed delivery of BSA through electroporation, whereas 4V was
insufficient for delivery. Our model predicted an applied voltage of 4-6
V would be necessary for electroporation, which was confirmed by our
experimental results. This is one example of how our model can be used
to expedite and optimize experimental parameter selection, however
future studies may benefit from numerous predictive aspects of a circuit
model. Understanding the various system impedances and how they
affect the voltage distribution through the system allows aspects such as
electrode materials and geometry, substrate geometry, and waveform
selection to be tailored to cargo transport and pore formation. Moreover,
by understanding what voltage is present at different points in the sys-
tem and comparing it to electroporation outcomes, models of cargo
transport and pore formation can be improved.

In addition to the influence of voltage on electroporation outcomes,
we evaluated the influence of different electrolytes in the cell culture
chamber and cargo chamber. When comparing electrolytes, DMEM in
the cell culture chamber and HOB in the cargo chamber resulted in the
highest delivery efficiency (Fig. 4A-C, 41). Electrokinetic transport may
explain our observations when using different electrolytes for electro-
poration. Previously, Mukherjee and colleagues (Mukherjee et al., 2018)
found HOB increased PSEP delivery and proposed that the increase was
primarily due to an increase in cell membrane tension from osmotic
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swelling. Accordingly, HOB in the cell culture chamber should result in
greater delivery due to a larger surface area of the cell membrane
exposed to the HOB and thus higher osmotic swelling. Interestingly,
HOB in the cell culture chamber required a higher voltage of 15V to
induce the same delivery as when HOB was used in the cargo chamber.
The change in voltage cannot be explained by conductivity because PBS
and DMEM have similar conductivity (Figs. S9 and SI). Lower viability
was also observed, likely due to DMEM providing a more natural envi-
ronment than HOB. As a result, we propose that the increase in delivery
from using HOB for PSEP is primarily due to an increase in the zeta
potential and a corresponding increase in electrophoresis of the cargo,
not from osmotic swelling. The zeta potential of BSA is more negative in
low molarity KCl electrolytes than higher molarity NaCl electrolytes
which are similar to HOB and PBS, respectively (Salgin et al., 2012). An
increase in zeta potential magnitude increases electrophoretic mobility
and decreases particle clustering, providing easier transport through the
channels and into the cell membrane pores.

Delivery increased and viability decreased with increasing seeding
density (Fig. 4D-G, 4J). Very little delivery occurred until a seeding
density of 150,000 cells/cm?, the same seeding density where the
maximum cell monolayer impedance was observed. PSEP dependency
on high confluency was previously predicted (Mukherjee et al., 2018),
but not supported experimentally. Our measurements provide experi-
mental support for this prediction. There is a low impedance de-
pendency on confluency until almost 100% confluency due to low cell
monolayer impedance. This may be because the cell monolayer
impedance is in parallel with exposed channels, which have a much
lower impedance. As the exposed area decreases, the exposed area
impedance increases and a larger percentage of the electrical current
travels through the cell monolayer. At 200,000 cells/cm?, the decrease
in viability may be due to increased stress from culture at such a high
seeding density. A study using the similar method of nanostraw elec-
troporation concluded that confluency had no significant impact on
electroporation (Cao et al., 2018). Until impedance measurement driven
circuit modeling of nanostraw electroporation has been performed, it is
unknown whether the discrepancy is due to differences in system
impedance, differences in the applied waveform, or fundamental dif-
ferences between PSEP and nanostraw electroporation.

4. Conclusion

Although porous substrate electroporation, or PSEP, has been
demonstrated in numerous biological applications, the underlying
physical processes influencing successful delivery are not well under-
stood. We have developed for the first time a circuit model of the PSEP
system using experimental data which helps to explain the intermediate
processes that occur between the application of voltage and the delivery
of cargo into the cell. One intermediate process is the formation of a
critical transmembrane potential capable of permeabilizing the cell
membrane, which we were able to predict and demonstrated that it
aligned with our experimental data and the experimental data of others.
Another intermediate process is the electrokinetic transport of cargo
through the channels in the substrate, which we showed plays a sig-
nificant role in the delivery of cargo into the cell. A greater under-
standing of these processes will facilitate improvements in the design of
PSEP systems and improved delivery to difficult cells such as stem and
primary cells. While our circuit model provides greater insight to the
PSEP process, it can be improved to increase the accuracy of its pre-
dictions. Going forward, better models coupled with impedance mea-
surements of samples prior to electroporation will improve tailoring of
waveforms to different systems and applications.
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