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Transepithelial Electrical Impedance Increase Following
Porous Substrate Electroporation Enables Label-Free

Delivery

Justin R. Brooks, Tyler C. Heiman, Sawyer R. Lorenzen, Ikhlaas Mungloo,

Siamak Mirfendereski, Jae Sung Park, and Ruiguo Yang*

Porous substrate electroporation (PSEP) is a promising new method for
intracellular delivery, yet fundamentals of PSEP are not well understood,
especially the intermediate processes leading to delivery. PSEP is an electrical
method, yet the relationship between PSEP and electrical impedance remains
underexplored. In this study, a device capable of measuring impedance and
performing PSEP is developed and the changes in transepithelial electrical
impedance (TEEI) are monitored. These measurements show TEEI increases
following PSEP, unlike other electroporation methods. The authors then
demonstrate how cell culture conditions and electrical waveforms influence
this response. More importantly, TEEI response features are correlated with
viability and delivery efficiency, allowing prediction of outcomes without
fluorescent cargo, imaging, or image processing. This label-free delivery also
allows improved temporal resolution of transient processes following PSEP,
which the authors expect will aid PSEP optimization for new cell types and

1. Introduction

Electroporation is one of the most com-
mon methods of intracellular delivery and
involves temporary permeabilization of the
cell membrane using an electric field. A
subset of electroporation known as porous
substrate electroporation (PSEP) has been
gaining traction as a promising new de-
livery method.'>] PSEP involves cultur-
ing adherent cells on a porous substrate
that focuses the electric field to discrete
portions of the basal cell membrane.!]
PSEP has several unique attributes that
make it a promising delivery method in-
cluding reduced stress from delivering
to cells in an adherent state, the ability
to perform long-term in situ delivery due to

cargos.
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adherence, reduced electric field exposure

from focusing the electric field through

the porous substrate channels,l'! and more
consistent electric field exposure due to more uniform position-
ing of cells relative to the electrodes.®] Recent studies have uti-
lized these advantages for applications such as efficient genetic
editing!?l and the extraction of intracellular molecules.l*! De-
spite these advances, PSEP has been primarily evaluated through
imaging, and additional measurement modalities may signifi-
cantly augment our understanding. Electrical characteristics are
one such underexplored modality, since PSEP is primarily an
electrical process, and the electrical impedance of the cell mem-
brane and porous substrate channels contains an abundance of
information about the cell state and the transport of molecular
cargos during PSEP.

We previously demonstrated how impedance measurements
can be used prior to PSEP to better understand the influence
of different system parameters and estimate the electrical wave-
forms needed for delivery.”] Impedance can also be measured
intermittently throughout delivery to provide additional informa-
tion on the intermediate stages of the process, and it may even be
possible to optimize PSEP using only impedance measurements,
a method known as label-free delivery.®] These impedance mea-
surements during and after electroporation have already been
utilized with many different electroporation methods,!*1% but
mostly for assessing membrane permeabilization and to our
knowledge, have not been reported for PSEP. More specifically,
a subset of impedance measurements known as transepithelial
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electrical impedance (TEEI) should be utilized with PSEP. TEEI
is the impedance of the cell monolayer multiplied by the area of
the culture surface. TEEI is similar to the more commonly used
transepithelial electrical resistance (TEER), with the distinction
that TEER is measured at a single low frequency, whereas TEEI is
measured at multiple higher frequencies.!''] TEEI is well suited
for implementation with PSEP because it can leverage existing
TEEI research describing how cell behavior influences the elec-
trical system.!'>13] Moreover, both PSEP and TEEI utilize elec-
trodes on both sides of a cell monolayer cultured on a porous
substrate. Despite these potential advantages, TEEI has not yet
been demonstrated before and after PSEP due to the lack of a
device capable of measuring TEEI while performing PSEP.

In this study, we investigated whether we could estimate the re-
sult of PSEP by monitoring TEEI following electroporation. Us-
ing a new platform that combines cell culture inserts and cus-
tomized electronics, we observed increases in TEEI following
PSEP. We conducted comprehensive experiments to character-
ize TEEI responses across different cell types, under varied cell
culture conditions, and with different electrical waveform param-
eters. More importantly, we demonstrated how features of the
TEEI response are correlated with delivery efficiency and cell
viability readings, indicating TEEI monitoring can assist label-
free delivery for PSEP. In addition to measuring TEEI following
PSEP, this study shows how TEEI measurements following elec-
troporation can be used to better understand the intermediate
processes of PSEP.

2. Results

2.1. TEEI Measurement Before and After Electroporation

We developed an integrated device for PSEP and TEEI measure-
ment using customized electronics and commercialized cell cul-
ture inserts with substrates containing 400 nm diameter pores at
a density of 2 x 10° pores cm~? (Figure 1A—C). Our device uti-
lizes electrode arrays capable of measuring and electroporating
six samples in parallel (Figure 1C). Each array consists of cell
culture wells, 3D printed using biocompatible resin, and upper
and lower printed circuit boards (PCBs) for the electrodes. The
upper and lower PCBs each contain distinct voltage measure-
ment and current injection electrodes (Figure 1B), allowing for
four-electrode impedance measurements which improve mea-
surement accuracy by removing electrode—electrolyte interface
impedances from the measurement.['*] We verified our device
could measure TEER values with comparable accuracy to widely
used systems (Figure S1C, Supporting Information) and record
impedances across a range of frequencies relevant to PSEP with
the same accuracy as an LCR meter (Figure S1ID-F and Table
S1, Supporting Information). Our device also utilizes chamber
electrodes that provide improved TEEI measurement consistency
compared to chopstick electrodes by ensuring consistent and
symmetrical electrode placement.'*] Furthermore, our device
incorporates commercially available cell culture inserts, which
were recently used for PSEP for the first time, '] thus standard-
izing the PSEP process.

Before measuring changes in impedance following electropo-
ration, we needed to find waveform parameters that would cause
electroporation in our system. We found waveforms consisting of
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30V, 1 ms pulse duration, 20 Hz pulse frequency, and 200 pulses
yielded an average of 92% viability, 72% propidium iodide (PI)
delivery, and 70% delivery efficiency (the percentage of cells both
living and delivered to) (Figure 1D,E). These waveform parame-
ters are similar to parameters used in other PSEP studies.[>*6.16]
We then applied these waveforms and measured the impedance
before and after electroporation. It is worth noting that samples
were incubated for 1 h prior to impedance measurement to al-
low for thermal equilibration, followed by 10 min of impedance
measurement at 1 kHz to establish baseline impedance, electro-
porated for 10 s, and finally 1 h of additional impedance mea-
surements (Figure 1F). 1 kHz was chosen for the measurements
because at this frequency the cell monolayer has one of its largest
contributions to the total system impedance.*3]

We consistently observed a substantial increase in impedance
following electroporation (Figure 1F). This response was only
observed following electroporation in samples containing cells
and consisted of an exponentially plateauing TEEI increase that
achieved 95% of the increase after 31 min. The response is es-
pecially significant when considering its size relative to the ini-
tial TEEL The initial TEEI was ~6.7 Q cm? and the final TEEI
following electroporation was ~14.0 Q cm?, more than dou-
bling the baseline. We have observed a total of four distinct fea-
tures to the post-electroporation (post-EP) response, including
1) a short decrease, 2) a short increase, 3) a long decrease, and
4) a long increase, although not all four features are observed
in all samples. Of these four features, the short decrease and
short increase are observed in both samples with and without
cells (Figure S2A, Supporting Information) and are thought to
be artifacts due to electrode corrosion and polarization at the
electrode—electrolyte interface following electroporation. When
subtracting the samples without cells from the samples with cells
during the TEEI calculation, these features are mostly reduced
but are not always eliminated, likely due to slight variations in
measurement.

The post-EP response was then measured at four frequen-
cies (100 Hz, 1 kHz, 10 kHz, and 100 kHz) simultaneously to
better understand the nature of the long decrease and long in-
crease in impedance (Figure 1G,H). These frequencies were cho-
sen because below 100 Hz the total impedance is heavily in-
fluenced by the electrode—electrolyte interface impedances, and
above 100 kHz the cell monolayer impedance becomes very
small."3] In addition, we measured all six samples in the elec-
trode array simultaneously to allow for a higher throughput. This
combination of multiple frequencies and parallel sample mea-
surement meant that each sample would be measured once at
the first frequency, then each sample would be measured once
at the second frequency, and so on (as shown in Table S2, Sup-
porting Information). These changes reduced our temporal reso-
lution, which can be seen when comparing Figure 1F,G, but this
temporal resolution was sufficient to capture the response and
its principal features, the long decrease and long increase, due to
their relatively slow change and long duration. It is also evident
that Figure 1F does not have the long decrease but Figure 1G
does. The long decrease is present in some samples measured in
Figure 1F (Figure S2B, Supporting Information), but not the ma-
jority and the existence of the long decrease may depend on slight
variations from sample to sample. There are also differences in
the post-EP response between frequencies. The largest percent

© 2024 The Authors. Small published by Wiley-VCH GmbH

ASUQDITT suowwo)) aAnear)) ajqesrjdde oyy £q pauroAo3 are so[onIR YO (SN JO SANI 10§ AI1eIqIT 2UIUQ A[IA\ UO (SUONIPUOI-PUB-SULIA)/ W0 KI[1m " Krelqijaur[uo//:sd)iy) sUonIpuo)) pue suLd [, a1 23S “[$70¢/11/L7] uo Arexqry aurjuQ Lo[IA ‘12201 €20T TTWS/Z001 0 1/10p/wod K3[im Kreiqijaurfuo//:sdiy woiy papeo[umod ‘Sz ‘4707 ‘6789¢191



ADVANCED. Sl

www.advancedsciencenews.com www.small-journal.com

A Electrode
Porous Substrate
|

°
°
, Cargo del.ivery'
° [} ° L]
Electrode

Propidium lodide 2100] ;
S 80
- =
% 60-
8
g 40 .
5 -Vla§|llw
o 20 I Delivery
0 s [ Efficiency
Pre Post

Electroporation Electroporation

F 20 G20 H 30

Ex3 *
Electroporation —_.':°~} :::::1(1)3::: 25 G .

15 15/]Long Increase . e rar
& < T %= 50 NsT NS,
g 520
G 10+ Long Increase G151
m 10
= 5. !~ ShortIncrease R

i Short Decrease >
=20 0 20 40 60 =20 0 20 40 60 Q%P %P (%P &%
Elapsed Time (min) Elapsed Time (min) 0.1 kHz 1kHz 10 kHz 100 kHz

Figure 1. PSEP induces a TEEI increase. A) Simplified depiction of PSEP, with cargo molecules passing through substrate channels and into adherent
cells. B) Cross-sectional view of a well in the working configuration. The insert is shown in blue, cell culture media in pink, electrodes in gold, well walls
and pin cover in gray, PCBs in black, and O-ring in purple. Current injection electrodes are marked “I” and voltage measurement electrodes are marked
“V". The inset shows a top-down view of the concentric lower electrodes. All dimensions are to scale except the substrate and lower electrodes, which
were thickened for visibility. C) Rendering of an electrode array with the upper PCB removed. D) Fluorescent microscope images immediately following
electroporation stained with Hoechst 33 342, calcein, and Pl to show electroporation occurred. E) Quantification of viability, Pl delivery, and PI delivery
efficiency from fluorescent images before and after electroporation. F) Post-EP TEEI response measured at 1 kHz at our device’s maximum sample rate.
G) Post-EP TEEI response measured simultaneously at multiple frequencies at a reduced sample rate. H) TEEI comparison at multiple frequencies and
multiple time points. For the box plots in (E) (n = 6) and (H) (n = 21), the shaded area represents the interquartile range (IQR), the error bars represent
1.5 times the IQR, the horizontal line is the median, the lines connecting between time points are the averages, and the diamonds are outliers that are
located beyond the error bars. For the time plots in (F) (n = 15) and (G) (n = 21), error bars represent the SEM. For the box plot in (H), “Pre” is defined
as the TEEI immediately before PSEP, “Post” is defined as the TEEI immediately after PSEP or at the lowest point if applicable, and “Max” is defined as
the maximum TEEI after PSEP. For the box plot in (E), statistical significance was calculated using one-way analysis of variance (ANOVA) with Bonferroni
pairwise comparisons. For the box plot in (H), statistical significance was calculated using Welch’s ANOVA with Games—Howell pairwise comparisons.
p < 0.05 was considered statistically significant. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001.

increase occurs at 100 kHz and the largest percent decrease oc-  the impedance measurement waveforms, temperature change,
curs at 100 Hz, which dissipates at higher frequencies. corrosion, or bubble formation (Figure S3, Supporting Infor-
mation). We then examined whether the response was influ-
enced by factors that influence PSEP, including cell type, con-
2.2. Influence of Cell Culture Conditions on the Post-EP TEEI fluency, and fibronectin coating (Figure 2). For each experiment
Response in Figure 2, the standard electroporation waveform parameters,
impedance measurement frequencies, and post-EP fluorescent
After observing an increase in TEEI following PSEP, we first  imaging (Figure 2, column iii) noted in the materials and meth-
ruled out noncellular explanations for the increase such as  ods section were used. A detailed description of the cell culture
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Figure 2. Cell culture conditions influence the post-EP TEEI response. i—iii) A time plot (i), comparison of TEEI at the three main time points (ii), and

comparison of viability at each condition (iii) are shown for each experiment. A) Post-EP TEEI response and corresponding viability at different seeding
densities. B) Post-EP TEEI response and corresponding viability with different cell types. C) Post-EP TEEI response and corresponding viability at different
fibronectin concentrations. For the time plots in (i), error bars represent the SEM (n = 12). For the box plots in (ii) and (iii), the shaded area represents
the interquartile range (IQR), the error bars represent 1.5 times the IQR, the horizontal line is the median, the lines connecting between time points
are the averages, and the diamonds are outliers that are located beyond the error bars (n = 12). For the box plots in (ii), “Pre” is defined as the TEEI
immediately before PSEP, “Post” is defined as the TEEI immediately after PSEP or at the lowest point if applicable, and “Max” is defined as the maximum
TEEI after PSEP. For the box plots in A(ii), B(ii), B(iii), C(ii), and C(iii), statistical significance was calculated using one-way analysis of variance (ANOVA)
with Bonferroni pairwise comparisons. For the box plot in A(iii), statistical significance was calculated using a two-sample t-test. p < 0.05 was considered
statistically significant. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001.

parameters used in each experiment shown in Figure 2 can be
found in Table S3 (Supporting Information).

To understand whether the post-EP response is shared in other
cell types, we measured the TEEI of A431 human epidermoid
carcinoma cells and human embryonic kidney cells (HEK293T)
(Figure 2A). We determined the seeding density that consistently
produced ~100% confluency 12 h after seeding for both cell
types, with A431 seeded at 200 000 cells cm~2, and HEK293T at
400 000 cells cm™2. Although both cell types exhibited a post-EP
TEEI increase, the responses were remarkably different. Prior
to electroporation, the A431 cells started with a baseline of 8.8
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Q cm? and the HEK293T cells started with a baseline of 5.5 Q
cm?. Following electroporation, the A431 TEEI increased much
faster and to a much higher level than the HEK293T TEEI, and
remained higher, whereas the HEK293T TEEI increased more
slowly, quickly peaked, and began returning to baseline. The
A431 TEEI increased to a peak of 21.3 Q cm? after 43 min and
remained at 20.9 Q cm? after 65 min, whereas the HEK293T cells
increased to a peak of 8.5 Q cm? after 27 min and fell to 7.0 Q cm?
after 65 min. Despite the difference in post-EP response, there
was no significant difference between the viability of the two
cell types following electroporation. Differences in post-EP TEEI
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increase may be due to cell types responding to electroporation
differently." This can be from physical differences, such as cell
size and the strength of cell—cell junctions and cell-extracellular
matrix (ECM) adhesions, or due to biological differences such
as differences in susceptibility to transfection. Furthermore,
different cell types have different TEEI measurements.!'?]
The difference in response between the two cell types further
suggests that the change in impedance is due to a biological
response. From these experiments, A431 was chosen to be
the main cell line for this study because it provided the largest
change in TEEI, and therefore the best opportunity to understand
the post-EP TEEI response. The larger TEEI response of the
A431 cells may be due to the higher baseline TEEI of the A431
cells, perhaps due to tighter cell-cell junctions and cell-ECM
adhesions prior to electroporation. The higher baseline TEEI
may also increase the response by causing a larger percentage
of the voltage applied to the system to drop across the cell
monolayer.

We previously reported that PSEP delivery decreases at lower
confluencies, which is thought to be due to a decrease in the
cell monolayer impedance and corresponding decrease in volt-
age drop across the cell monolayer.”! To evaluate the influence
of seeding density on the post pulse response, A431 cells were
seeded at 50 000; 100 000; 150 000; and 200 000 cells cm~2 for
12 h prior to electroporation (Figure 2B). 200 000 cells cm~2 was
sufficient to consistently achieve over 90% confluency 12 h after
seeding. Prior to electroporation, there was a difference in TEEI
values between the seeding densities, with higher seeding den-
sities having higher TEEI values, likely due to more confluent
cell monolayers.’! Following electroporation, lower seeding den-
sities experienced larger initial decreases in TEEI and smaller fi-
nal increases in TEEIL. Lower seeding densities also had lower
viability, with cells on the edge of colonies more likely to be killed
by the electroporation, perhaps due to increased electrical ex-
posure. 200 000 cells cm™ was used as the standard seeding
density for the remainder of this study to ensure confluent cell
monolayers.

Increasing substrate coatings that promote cell adhesion, such
as fibronectin and poly-1-lysine, has also been shown to increase
PSEP delivery efficiency.l®) The increased delivery efficiency is
thought to be from stronger cell-substrate adhesion, which in-
creases the voltage applied to the cell monolayer.l®] We assessed
the role of ECM coating concentration using concentrations of 0,
0.1,1, and 10 ug mL~" of fibronectin in phosphate-buffered saline
(PBS) which were coated on the inserts for 3 h in an incubator
(Figure 2C). A431 cells were seeded and electroporated after 12 h
of culture. The 0, 0.1, and 1 pg mL~! concentrations had similar
TEEI values before and after electroporation, with larger initial
TEEI decreases observed at the higher concentrations, perhaps
due to stronger substrate attachment prior to electroporation,
which yielded higher electric field exposure, resulting in dam-
aged cell—cell junctions and cell-ECM adhesions and decreased
TEEIL The 10 ug mL™" concentration had a higher pre- and post-
EP TEEI but a similar response to the lower fibronectin concen-
trations. The higher impedance for the 10 pg mL™! concentra-
tion may be due to stronger cell-ECM adhesion and tighter cell-
cell junctions. Although the A431 cells showed similar post-EP
TEEI responses with and without fibronectin, fibronectin coat-
ings were found to be critical to the existence of a post-EP re-
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sponse for HEK293T cells (Figure S4, Supporting Information),
perhaps due to inherent differences in cell-substrate attachment
between the two cell types.

2.3. Influence of Electroporation Waveform Parameters on the
Post-EP TEEI Response

After showing the post-EP TEEI increase is influenced by cell cul-
ture conditions, we investigated the influence of electrical wave-
form parameters on the post-EP response (Figure 3), since wave-
forms influence electroporation results, including viability, deliv-
ery, and delivery efficiency.[®1% In this study we limited our analy-
sis to unilevel square waveforms, which are the most widely used
PSEP waveform, although waveforms such as exponentiall'’l and
bilevel square waves!'®! have also been used for PSEP. Unilevel
square waveforms can be fully described with six parameters:
voltage, pulse duration, pulse frequency, pulse number/pulse
number per train, train frequency, and train number. Often only
one train of pulses is used for PSEP, in which case only the first
four parameters are necessary. We investigated the role of each
of the first four parameters on the post-electroporation response
(Figure 3A). For each waveform parameter investigated, all other
waveform parameters were kept at standard values. For each ex-
periment in Figure 3, the standard cell culture conditions, electro-
poration waveform parameters (30 V, 1 ms pulse duration, 20 Hz,
200 pulses), impedance measurement frequencies, and post-EP
fluorescent imaging (Figure 3, column iii) noted in the Experi-
mental Section were used. TEEI values in Figure 3 are reported as
percentage change in TEEI from pre-pulse values since all sam-
ples had the same initial conditions. A detailed description of the
waveform parameters used in each experiment shown in Figure 3
can be found in Table S4 (Supporting Information).

The effect of voltage on the post-EP response was tested using
voltages of 10, 20, 30, and 38 V (Figure 3B). 10 to 20 V showed
an increase in the post-EP response, but voltages above 20 V
showed decreasing responses, with 38 V yielding a large decrease
in TEEI before returning near baseline. Meanwhile, the viability
assessment showed no effect on viability at 20 V and below, and
an inverse relationship between voltage and viability above 20 V.
Following assessment of the effect of voltage on the post-EP re-
sponse, we tested the effect of pulse duration using 0.3, 1, and
3 ms pulses (Figure 3C). We observed an inverse correlation be-
tween pulse duration and post-EP response, with 3 ms showing
a large decrease in TEEI. This trend corresponded to the viability
assessment, which showed an inverse correlation between pulse
duration and viability. The effect of pulse frequency on the post-
EP response was tested using pulses at commonly used frequen-
cies: 5, 20, and 80 Hz!* (Figure 3D). 80 Hz showed the largest
increase in TEEI without any initial decrease, followed by 20 Hz,
and finally 5 Hz, which showed an initial decrease followed by
the smallest increase of the three pulse frequencies. This corre-
sponded to quantification of cell viability, which showed a posi-
tive correlation between pulse frequency and cell viability. We ex-
pected the higher frequencies to have smaller post-EP increases
and lower viability because the electroporation pulses are applied
over a much shorter period, but it is possible that the prolonged
application of pulses at the lower frequencies prevents the cells
from recovering as quickly, which results in decreased viability.
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We also tested the effect of pulse number on the post-EP response
using 50, 200, and 800 pulses (Figure 3E). Lower pulse nhum-
bers yielded higher post-EP increases, with 800 pulses showing
a decrease in TEEI after electroporation. Lower pulse numbers
also showed higher cell viability following electroporation, corre-
sponding to the TEEI values.

Collectively, each of the waveform parameter experiments
showed that increases in waveform parameters beyond our stan-
dard conditions resulted in decreases in TEEI response and cell
viability, whereas decreases in waveform parameters resulted in
increases in TEEI response and cell viability. This suggests there
is an optimal window for electroporation parameters to induce
a maximum TEEI increase and maintain cell viability, and our
standard waveform parameters appear to be above this optimal
window. These results also suggest that TEEI measurements may
be used as an indicator of viability to optimize PSEP waveform
selection.

2.4. Post-EP TEEI Enables Label-Free Delivery

To understand the relationship between changes in the TEEI re-
sponse and delivery metrics such as viability, delivery, and de-
livery efficiency, we first considered the general shape of the
TEEI response at different voltages (Figure 4A-C). As mentioned,
there are two primary features in the TEEI responses: a period
of decreasing TEEI and a period of increasing TEEL. We quan-
tified the increase and decrease in TEEI for all voltages, with
the increase quantified as the increase from the minimum TEEI
rather than the increase from baseline because in some instances
(Figure 4C) measuring from baseline neglects most of the in-
crease that has occurred. Although the comparisons in Figure 4
are primarily focused on voltage, the same general trends are
seen with other waveform parameters (Figure S5, Supporting
Information). Moreover, there are correlations between wave-
form energy and TEEI response features and delivery metrics,
with waveform energy being most directly correlated with death
(Figure S6, Supporting Information). When the TEEI increase
and decrease are plotted for each voltage, the TEEI increase grows
parabolically to an optimal voltage before reducing, whereas the
TEEI decrease grows exponentially with an increase in voltage
(Figure 4E). These trends are similar to trends in delivery effi-
ciency and cell death when increasing electrical exposure, where
delivery efficiency is maximized at an optimal condition and cell
death increases with electrical exposure (Figure 4F). Due to the
similarities between the TEEI increase from minimum and de-
livery efficiency, and the TEEI decrease and cell death, we sought

www.small-journal.com

to determine whether the impedance response features were cor-
related to delivery outcomes.

To determine whether TEEI decrease was correlated with cell
death, we plotted the results of all conditions tested in Figure 3
with their percent TEEI decrease from baseline on the x-axis and
percent cell death (calculated as 100% minus viability) on the y-
axis (Figure 4G). It should be noted that many of the conditions
had almost no cell death or TEEI increase. There appears to be a
positive correlation (R? = 0.82) between TEEI decrease and cell
death, which is significant because it means cell death can be es-
timated without fluorescent labels if the TEEI decrease is known.
Having shown there is a correlation between cell death and TEEI
decrease, we sought to determine whether there is also a correla-
tion between delivery efficiency and TEEI increase. The increase
from minimum is correlated with efficiency, but not delivery, be-
cause at higher voltages, smaller increases are seen but larger
delivery occurs and viability decreases (Figure 4D). To determine
whether the TEEI increase was correlated with delivery efficiency,
we plotted delivery efficiency versus TEEI increase from mini-
mum (Figure 4H). Delivery efficiency appears to be correlated
(R? = 0.87) with an increase in TEEI from minimum, therefore
allowing delivery efficiency to be estimated using the TEEI re-
sponse. Importantly, cell viability decreases from 30 to 38 V, re-
sulting in both a lower delivery efficiency and a lower TEEI in-
crease from minimum. Both metrics decrease simultaneously,
suggesting the correlation between delivery efficiency and TEEI
increase from minimum is valid before and after the threshold
where waveform parameters start to decrease viability.

2.5. Post-EP Cell Remodeling Leads to an Increase in
Transcellular Impedance

Having established correlations between features of the TEEI re-
sponse and key PSEP delivery metrics, we then sought to explain
the underlying physical processes responsible for these correla-
tions. We first considered which frequencies have the largest and
smallest TEEI increase under our standard conditions. By com-
paring the TEEI at 100 Hz, 1 kHz, 10 kHz, and 100 kHz im-
mediately before electroporation and at the maximum TEEI in-
crease, we observed the 100 Hz TEEI increase was largest at 7.3
Q cm? and was progressively smaller to 4.4 Q cm? at 100 kHz
(Figure 5A,B). Cell monolayer impedance is commonly repre-
sented using a resistor in parallel with a capacitor.'>13] The
resistor represents the paracellular impedance, the impedance
experienced by current flowing around the cell through the
cell-cell junctions (Figure 5C). The capacitor represents the

Figure 3. Electroporation waveform parameters influence the post-EP TEEI response. i-iii) A time plot (i), comparison of TEEI at the three main time
points (ii), and comparison of viability at each condition (iii) are shown for each experiment. A) Diagram showing the six parameters that describe an
electroporation waveform. B) Post-EP TEEI response and corresponding viability at different voltages. C) Post-EP TEEI response and corresponding
viability at different pulse durations. D) Post-EP TEEI response and corresponding viability at different pulse frequencies. E) Post-EP TEEI response and
corresponding viability at different pulse numbers. For the time plots in (i), error bars represent the SEM (n = 9). For the box plots in (ii) and (iii), the
shaded area represents the interquartile range (IQR), the error bars represent 1.5 times the IQR, the horizontal line is the median, the lines connecting
between time points are the averages, and the diamonds are outliers that are located beyond the error bars. For the box plots in (ii), “Pre” is defined
as the TEEI immediately before PSEP, “Post” is defined as the TEEI immediately after PSEP or at the lowest point if applicable, and “Max” is defined
as the maximum TEEI after PSEP. For the box plots in B(ii), C(iii), and E(ii), statistical significance was calculated using one-way analysis of variance
(ANOVA) with Bonferroni pairwise comparisons. For the box plots in B(iii), C(ii), D(ii), D(iii), and E(iii), statistical significance was calculated using
Welch’s ANOVA with Games—Howell pairwise comparisons. p < 0.05 was considered statistically significant. * represents p < 0.05, ** represents p <
0.01, and *** represents p < 0.001.
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Figure 4. Components of the post-EP TEEI response are correlated to delivery metrics. A) Two TEEI response features labeled on the 5 V response. B)
Two TEEI response features labeled on the 20 V response. C) Two TEEI response features labeled on the 38 V response. D) Fluorescent images showing
viability and combined delivery and death at multiple voltages. E) TEEI increase from minimum and decrease at multiple voltages. F) Delivery efficiency
and cell death at multiple voltages. G) Correlation between TEEI decrease and cell death for all data shown in Figure 3. Some conditions are unlabeled
due to overlapping groups. H) Correlation between TEEI increase from minimum and Pl delivery efficiency at multiple voltages. Error bars in (D-F)

represent the SEM (n = 6).

transcellular impedance, the impedance experienced by cur-
rent flowing through the cell membrane and cytoplasm!1213]
(Figure 5C). Paracellular impedance typically dominates in the
hundreds to thousands of Hz range, whereas transcellular
impedance typically dominates in the tens of thousands of Hz.[3
The largest TEEI increase that we observed is around 100 Hz,
which suggests the increase may be primarily an increase in para-
cellular impedance.

We next investigated the cause of the increase in paracellular
impedance by examining the cell remodeling after electropora-
tion pulse. We hypothesize the confined electric field and fluid
flow allow for more targeted stimuli and the adherent state al-
lows cytoskeletal and cell-cell junction remodeling, which de-
creases leaky current and thus increases paracellular impedance
(Figure 5C). Time lapses of A431 cells expressing green fluores-
cent protein (GFP) tagged E-cadherin were imaged before and af-
ter electroporation to determine whether electroporation resulted

Small 2024, 20, 2310221
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in significant morphological changes (Figure 5D; Movies S1 and
S2, Supporting Information). We chose to use cells expressing
fluorescent E-cadherin because E-cadherin is linked to the cy-
toskeleton and present at cell-cell junctions, providing insight
into mechanotransductive processes and cell morphology. Fur-
thermore, we did not need to fix and stain the cells immediately
after PSEP, allowing us to record differences in dynamic behavior
before and after electroporation. Although some cell movement
and morphological changes are present prior to electroporation,
following electroporation there is a statistically significant 37%
average increase in cell monolayer movement due to the contrac-
tion and expansion of different regions (Figure 5E). This suggests
PSEP may be stimulating the cell monolayer, inducing cell re-
modeling and increasing the cell monolayer impedance.

Having shown that cell junctions are affected by PSEP, we
sought to investigate what stimulus may be responsible. As
mentioned earlier, the electric field is one potential stimulus

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. The post-EP TEEI response may be caused by cytoskeletal remodeling in response to electrical stimuli. A) TEEI at multiple frequencies before,
after, and at the maximum post-EP time points. B) TEEI increase from pre-EP to maximum post-EP at multiple frequencies. C) Depiction of a cell
monolayer before and after electroporation showing reduced leakage currents due to cytoskeletal remodeling and increased paracellular impedance
(Para-Z) while transcellular impedance (Trans-Z) remains unchanged. D) Fluorescent images of GFP E-cadherin before and after PSEP with vector fields
indicating optical flow. E) Comparison of normalized optical flow before and after PSEP. F) Change in insert volume from electro-osmotic transport of
DI water without cells under different electrode polarities. Inset diagrams show electrode polarity relative to the insert and resulting electro-osmotic
transport. G) Post-EP TEEI response with different electrode polarities. H) Simulation of electro-osmotic pressure (EOP) applied to cell monolayer
assuming different cell monolayer porosities. The inset diagram shows the direction of electro-osmotic pressure (EOP). Error bars in (B) (n = 21), (C)
(n=21), and (H) (n = 12) represent the SEM. For the box plots in (F) (n=9) and (G) (n = 3), the shaded area represents the interquartile range (IQR),
the error bars represent 1.5 times the IQR, and the horizontal line is the median. For the box plot in (E), statistical significance was calculated using a
two-sample t-test. For the box plot in (F), statistical significance was calculated using one-way analysis of variance (ANOVA) with Bonferroni pairwise

Electrode Polarity Elapsed Time (min)

comparisons. p < 0.05 was considered statistically significant. * represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001.

for cytoskeletal remodeling, but another potential stimulus is
electro-osmotic flow. Electro-osmosis is bulk fluid flow caused by
an electric field, in contrast with electrophoresis, which is related
to the movement of charged molecules or particles within the
electrolyte resulting from an electric field.*") Electrophoresis
is often considered the dominant delivery mechanism during
PSEP,['37] but the relative contributions to delivery of elec-
trophoresis and electro-osmosis have not yet been demonstrated.
To test whether electro-osmotic flow can occur in our substrates,

Small 2024, 20, 2310221
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we measured the amount of water transported through the
substrate during the application of an electric field. To this end,
the inserts were filled with deionized (DI) water and weighed
before and after pulsing to determine the change in water. It is
worth mentioning that the lower ionic concentration in DI water
compared with cell media increases the Debye length, which
potentially favors electro-osmosis. This experiment revealed a
55.2% increase in insert volume under the standard negative
upper electrode and positive lower electrode configuration, in

© 2024 The Authors. Small published by Wiley-VCH GmbH
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contrast to a 23.3% decrease in volume when in reverse, and
an 8.0% decrease in volume without pulses due to evaporation
(Figure 5F). This water transport suggests electro-osmosis oc-
curs in the system when a low ionic concentration is used, and
it drives water transport toward the negative electrode. While we
have not observed a significant volume change during PSEP with
cell culture media, it is possible electro-osmosis is still occurring
and the flow may still be sufficient to induce a cell response.

We then sought to determine whether the lower transport with
a positive upper electrode would translate to a lower post-EP TEEI
response. Samples were electroporated with either the standard
negative upper electrode and positive lower electrode configura-
tion or the reversed configuration. Both conditions had similar
pre-EP TEEI values as expected, but the reversed electrode polar-
ity yielded a smaller response than our standard electrode polarity
(Figure 5G). Next, we evaluated how large of a mechanical stimu-
lus electro-osmosis would exert on the cell monolayer if it occurs
during PSEP. Our calculations suggest electro-osmosis may exert
over 1 kPa of upward pressure on the cell monolayer (Figure 5H
and Figure S7, Supporting Information), which may be sufficient
to induce a cell response.!?°]

When this data is considered altogether, the most likely physi-
cal process responsible for the correlation between TEEI decrease
and cell death is irreversible permeabilization of cell membranes
and potential damage to cellular junctions caused by the electri-
cal waveform, allowing increased current flow through the cell
monolayer. Similarly, the mostlikely physical process responsible
for the correlation between TEEI increase and delivery efficiency
is remodeling of cellular junctions due to stimulation from the
electrical waveform. We hypothesize that cellular damage and cell
death causes TEEI decrease, whereas delivery efficiency is corre-
lated with TEEI increase because both delivery and cell mono-
layer remodeling are caused by the same electrical waveform.

3. Discussion

We have shown TEEI measurements can be used for label-free
monitoring in conjunction with intracellular delivery to allow for
label-free delivery. There are several advantages to label-free de-
livery including the ability to make pre-pulse adjustments, the
ability to decouple delivery assessment from complications and
restrictions imposed by cargo properties, improved temporal res-
olution for understanding transient behavior, and reduced cost
and subjectivity compared to fluorescent imaging.l®! By measur-
ing impedance prior to electroporation, sample-to-sample varia-
tions in impedance due to factors such as confluency or cell type
can be accounted for by adjusting waveform parameters. Label-
free delivery also allows permeabilization to be measured in the
absence of cargo, which removes confounding cargo parameters
such as zeta potential, quantum yield, and toxicity resulting from
cargo delivery rather than electrical exposure. When cargo deliv-
ery is desired, label-free delivery allows the use of unlabeled cargo
or cargo at concentrations too low for imaging, which may be
important for applications such as clinical research or industrial
protein production. Furthermore, label-free delivery provides su-
perior temporal resolution compared to fluorescent imaging be-
cause many PSEP systems are not capable of live imaging,[!”]
electrical measurements can be acquired faster than images, and
electrical measurements do not require cargo to accumulate in

Small 2024, 20, 2310221
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sufficient concentrations prior to becoming visible.[®] Label-free
delivery also has the potential to cost less than imaging because
impedance measurement equipment can be less expensive than
fluorescent microscopes and initial waveform optimization can
be performed without using expensive reagents (Figure S8, Sup-
porting Information). Despite these advantages, there are ben-
efits to fluorescent imaging that TEEI cannot replicate due to
the increased spatial information that imaging provides. More-
over, although we have demonstrated correlations between TEEI
response features and delivery outcomes, there are instances
where relying on TEEI response alone may result in choosing
less optimal parameters. For example, in Figure 4H, 10 V shows
a larger TEEI increase from minimum than 38 V despite having
a lower delivery efficiency. PSEP analysis should ideally incorpo-
rate both TEEI and fluorescent imaging, with TEEI better suited
to initial parametric optimization and understanding of temporal
changes, and fluorescent imaging better for understanding final
results.

The effect of electroporation on resistance measurements, and
impedance measurements more generally, has been investigated
in the literature. The application of electroporation pulses has
been shown in many instances to cause a significant drop in
cell impedance, followed by gradual recovery to baseline values,
which is thought to be due to the permeabilization and resealing
of the cell membrane.l! These impedance measurements have
been performed before and after electroporation with diverse cell
types in vivol21=%] in tissues, and in vitro in monolayers,!26-3*] sus-
pended pellets,** and adherent®3%! and suspended’®’ single-
cells (see Table S5, Supporting Information, for a more detailed
summary). To our knowledge, this is the first study of impedance
measurements before and after PSEP on non-silicon substrates,
so the increase may have been observed in this study and not in
others due to differences between PSEP on non-silicon substrates
and other electroporation methods. The key difference between
PSEP and most other electroporation methods is the existence
of channels, which confine the electric field and fluid flow. Fur-
thermore, although there have been impedance studies of single-
cell PSEP and other channel based methods such as nanostraw
electroporation, these studies may not show the increase for two
reasons: 1) silicon based substrates may be sufficiently different
from track etched membranes to not experience the same re-
sponse, particularly if the response is caused by electro-osmosis
as a result of the track-etching process, and 2) if the response is
caused by increases in paracellular impedance rather than tran-
scellular impedance, it would only be evident in measurements
of cell monolayers (more on this later).

To understand the differences between our observations and
previous studies, it is also important to note the similarities.
Both our observations and the literature show impedance in-
creasing at a decreasing rate over similar time periods. The
fundamental difference is that the literature consistently re-
ports impedance rapidly decreasing before returning to base-
line, whereas our observations show impedance increasing above
baseline. Perhaps the simplest explanation of the discrepancy is
that there are two distinct mechanisms causing the impedance
increase (Figure 6). The gradual increase we are measuring may
be recovery and resealing of the cell membrane as reported in
other studies,[263%3233] 35 the time scale reported in these stud-
ies matches our results, but the response is shifted upward by a

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Post-EP TEEI response compared to the literature response. Depictions of the difference between our observations and responses similar to
those reported in the literature. In each depiction, the literature curve is the observation curve shifted downward so that the TEEI does not exceed the
initial TEEI and so the final TEEI is proportionate to the final viability. A) Depiction for waveforms that result in reversible electroporation of all cells. The
observation curve is data from Figure 3B(i), 20 V. B) Depiction for waveforms that result in irreversible electroporation of some cells. The observation
curve is data from Figure 3B(i), 38 V. C) Depiction for waveforms that result in irreversible electroporation of all cells. The observation curve is data from
Figure 3E(i), 800 pulses. The observation curve is obscured by the overlapping expectation curve.

second mechanism that occurs rapidly. The second mechanism
may be occurring only during the application of the electric field,
which is a relatively brief period (x0.2%) of the total observation
period. If we assume that the second mechanism occurs rapidly
and shift our observed curves downward so that the final TEEI
measurements are reduced proportionate to the reduction in vi-
ability, similar to what has been reported in other studies,% it
suggests the second mechanism is dependent on the voltage ap-
plied, as well as the viability or integrity of the cell monolayer.

We postulate that the second mechanism could be the due to
the focused electric field or electro-osmotic flow during PSEP
serving as a mechanical stimulus, resulting in cytoskeletal re-
modeling that increases TEEI through an increase in paracellu-
lar impedance. Generally, paracellular impedance can increase
from a reduction in paracellular space due to cell swelling!®!
or tighter cell-cell junctions and cell-ECM adhesions.['*! The
porous substrate differentiates PSEP from other electroporation
methods by allowing cells to remain adherent and by focusing
the electric field and fluid flow through the channels. Specif-
ically, the confined electric field and fluid flow may allow for
more targeted stimuli, while the adherent state allows cytoskele-
tal and cell—cell junction remodeling as we have demonstrated
in Figure 5D,E, which increases paracellular impedance. More-
over, this remodeling has been shown to increase TEEL ! we ob-
served HEK293T cells require a fibronectin coating for the post-
EP TEEI increase (Figure S4, Supporting Information), and elec-
tric fields have been shown to influence cell attachment, spread-
ing, and contractility.?*-#1]

The idea of electro-osmotic flow as a stimulus is supported
by studies showing electro-osmosis can occur within track-
etched membranes.*? Electro-osmosis is thought to occur in
track-etched membranes due to the negative surface charge
on the channel walls from exposure of carboxyl groups dur-
ing etching,!*’! as well as hydrophilic coatings applied during
the manufacturing process such as polyvinylpyrrolidone. Posi-
tive ions accumulate along the negatively charged channel walls,
forming a so-called Debye layer characterized by an excess of pos-
itive charge. When an electric field is applied along the channel,
the positive ions within the Debye layer move toward the negative
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electrode, driving the flow within this layer and as a result, giv-
ing rise to the bulk flow.*! Such flow, known as electro-osmotic
flow, is observed in our water transport experiment as shown in
Figure S5F. We calculated that this electro-osmotic flow has the
potential to exert sufficient mechanical stress, in the kPa range,
to drive cell remodeling. Our calculations also show that the pres-
sure induced by electro-osmosis is dependent on the porosity of
the cell monolayer, which agrees with our data showing less con-
fluent monolayers and those damaged by excessive electrical ex-
posure resulted in smaller impedance increases. We have also
shown that reversing the polarity of the electrode configuration
results in a reversal of water transport and a reduced impedance
change compared with the standard configuration, lending fur-
ther support to electro-osmosis as a potential stimulus for cell
remodeling.

We have also considered alternative explanations for the TEEI
increase such as electro-osmotic compression!** and ion chan-
nel synchronization,*>#¢] however these explanations are un-
likely because they rely on waveforms that are very different from
the waveforms used in this study. We also considered that the
TEEI increase could be due to electro-osmotic swelling, where
electro-osmotic flow through the substrate enters the cell through
the permeabilized membrane, causing an increase in cell vol-
ume, which results in a reduction of paracellular spaces and
a corresponding increase in TEELP®l A recent study suggests
this electro-osmotic swelling can occur following electroporation,
with a similar timescale to the TEEI increase we observed.[*’]
However, even if an electro-osmotic flow is present, the small
pores created in the cell membranel!®l may be insufficient to al-
low much flow into the cell. We did not observe a significant
increase in cell monolayer thickness before and after electro-
poration (Figure S9, Supporting Information), but it is possi-
ble cell swelling may be too low to detect yet still cause a sig-
nificant increase in paracellular impedance. Alternatively, if the
electrokinetic transport is dominated by electrophoresis rather
than electro-osmosis, it is possible the waveforms could change
the ionic concentration near the surface of the cells, resulting
in changes in cellular behavior. The TEEI increase could also
be from substrate channel blockage caused by the extraction of
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negatively charged intracellular biomolecules, however, channel
blockage is also unlikely because the cytoplasm is primarily water
so a large percentage of intracellular biomolecules would need to
be extracted, which would likely result in much lower viability.

Some limitations of this study include our measurement de-
vice’s lack of phase detection and insufficient sampling rate to
detect changes in impedance between individual electropora-
tion pulses. Some researchers have utilized measurement de-
vices with very high sample rates to show impedance changes
not only after electroporation, but also during electroporation.?!l
Phase detection is used with impedance measurement to sepa-
rate impedance magnitude into real and imaginary components,
which can be used with Nyquist plots for improved modeling
of unknown impedances. Together, these improvements to our
measurement device would provide more information about the
nature of the post-EP response, adding clarity to the underlying
response mechanism.

To summarize, we demonstrated an integrated TEEI-PSEP sys-
tem and used it to record TEEI before and after electropora-
tion. These measurements revealed a significant increase in TEEI
following electroporation that contrasts with the temporary de-
crease in TEEI often reported in the literature. We comprehen-
sively showed how different cell culture conditions and electro-
poration waveform parameters influence the post-EP TEEI re-
sponse. Importantly, we demonstrated for the first time that fea-
tures of the post-EP TEEI response can be used to estimate via-
bility and delivery efficiency for label-free PSEP. Future study of
the TEEI increase mechanism may provide further insight into
PSEP and allow for greater optimization of delivery outcomes.
Additional research is also needed to determine the robustness
of the label-free PSEP method to different cell types and cargos.

4. Experimental Section

Integrated Impedance Measurement and Electroporation Device Design:
Electrical signals for impedance measurement and electroporation were
produced using a Keysight U2761A function generator. The output from
the function generator was verified using a Tektronix TBS1062 oscilloscope
and amplified using a Taidacent OPA541 amplifier (Figure S10, Support-
ing Information). Root-mean-square voltage (V,,s) was measured across
known and unknown loads using a Keysight U2741A multimeter. A cus-
tom printed circuit board, or PCB, (PCBWay) was used as a control board
to adjust which samples were being measured and pulsed by the multi-
meter and function generator (Figure S11, Supporting Information). The
control board contained Vishay VOR1121A6 solid-state relays, which were
controlled using an Arduino Mega 2560 microcontroller. Logic gates were
used on the control board to reduce the number of Arduino output pins
needed. Matlab was used to control the function generator, multimeter,
and Arduino, and to perform calculations and analysis of the impedance
measurements. A Matlab graphical user interface (GUI) was created to
control the system.

Electrode Array Fabrication: The electrodes that formed the top and
bottom of the electrode array consisted of custom PCBs (PCBWay) plated
with 1 microinch thick electroless nickel immersion gold to ensure corro-
sion resistance and biocompatibility. Two Molex R)25 surface mount mod-
ular connectors were soldered to the upper and lower PCBs for connection
to the control board. 3D printed covers were placed over the pin electrodes
to ensure measurements were not influenced by fluctuations in cell culture
media volume. The pin covers and wells were printed on a Formlabs Form
3B 3D printer using BioMed Clear Resin. Biocompatible Viton fluorelas-
tomer O-rings were placed within grooves on the bottom of the wells and
the wells were fastened to the lower PCBs. The wells remained fastened to
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the lower PCBs for 20 uses, at which point the PCBs were replaced due to
corrosion (Table S6, Supporting Information).

Cell Culture:  Greiner Bio-One 24-well inserts with polyethylene tereph-
thalate substrates containing 400 nm diameter pores at a density of 2 X
108 pores cm~2 were coated with 100 uL of 1 ug mL™" human plasma fi-
bronectin (Sigma-Aldrich) in PBS (Gibco) and incubated for 3 h at 37 °C.
Coated substrates were washed twice with distilled water and once with
cell culture media prior to seeding to remove excess fibronectin. Cells
were seeded at least 12 h prior to electroporation to allow sufficient ad-
herence. A431 cells were seeded at 200 000 cells cm™2 and HEK293T
cells were seeded at 400 000 cells cm™2. Cell culture media for both
A4371 and HEK293T cells consisted of Dulbecco’s modified Eagle medium
(Gibco) with 10% v/v fetal bovine serum (Gibco) and 1% v/v penicillin—
streptomycin (Gibco).

Impedance Measurement: An alternating current (AC) sine wave was
applied across a resistor and an unknown load in series, and the V,
across the unknown load was measured. The device used relays on the
control board to cycle through increasingly larger resistors until the V,,
across the unknown load was closest to half the total input V. The
V,ms Was then measured across the chosen resistor and used in conjunc-
tion with the previously measured unknown load V¢ using the following
equation, where |Z, nown| is the impedance magnitude of the unknown
load, V, is the V,,. across the unknown load, Vy is the V,, across

unknown rms rms
the chosen resistor, and |Zg| is the impedance magnitude of the resistor.

Vv
|Zunknown| = <w> ) |ZR| (1)
R

The resistors were 100 Q, 1 kR, 10 k2, 50 k2, and 100 k2, and mea-
surement would begin using the lowest resistor. 0.5 V was chosen for the
measurement amplitude because it was high enough to achieve a large
signal to noise ratio without being high enough to cause damage to the
cells.

Device Validation Using a TEER Meter and an LCR Meter: To ensure
this device could accurately measure TEER, this device was compared to a
World Precision Instruments (WPI) Epithelial Volt/Ohm Meter 3 (EVOM3)
TEER meter. Both devices were connected to a WPl EndOhm chamber to
provide a common electrode interface for comparison. A431 cells were
seeded in the inserts at 200 000 cells cm=2 for over 12 h. The EndOhm
chamber contained 1 mL of cell culture media and the inserts each con-
tained 200 pL of cell culture media. Each device measured across inserts
with and without cells. The same inserts were measured with both de-
vices. This device measured the impedance at 12.5 Hz, which was the
same frequency the EVOM3 measures at. To verify impedance measure-
ment accuracy across multiple frequencies, this device was compared to a
Fluke PM6306 LCR meter. Multiple configurations of resistors and capac-
itors were measured with both devices at 50 Hz, 100 Hz, 500 Hz, 1 kHz,
2.5 kHz, 5 kHz, 10 kHz, 25 kHz, 50 kHz, and 100 kHz.

Measurement of Change in TEEI Following Electroporation:  Electrode ar-
rays were sterilized using 70% ethanol for 10 min prior to each use. In-
serts were placed into each well in the electrode array and the upper PCB
was fastened to the wells. Small holes in the upper PCB over each well
allowed for gas exchange during the experiments. The electrode array was
placed in an incubator and connected to cables from the measurement
and electroporation device. The electrode array was allowed to thermally
equilibrate in the incubator for 1 h to ensure there were no impedance de-
creases due to an increase in temperature. Inserts were typically placed
in multiple electrode arrays at a time to allow the next electrode array to
equilibrate during the measurements and electroporation of the previous
electrode array. After 1 h, the experimental parameters were entered into
the GUI and the measurements and electroporation were started. Param-
eters that could be adjusted with the GUI included measurement frequen-
cies, measurement voltage, pulse voltage, pulse duration, pulse frequency,
pulse number, train number, train frequency, and the duration of measure-
ments before and after pulsing. The standard protocol involved 10 min of
impedance measurements at 100 Hz, 1 kHz, 10 kHz, and 100 kHz, fol-
lowed by electroporation with unipolar square waves at 30 V, 1 ms pulse
duration, 20 Hz, and 200 pulses, followed by an additional 60 min of
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impedance measurements at the previous four frequencies. The measure-
ment rate was one measurement every 6.8 s, or 147 mHz. TEEI values
were calculated using the following equation, where A is the substrate area
(0.336 cm? for the inserts used in this study), Z.s is the impedance mag-
nitude of inserts containing cells, and Z,,, s is the impedance magnitude

of inserts without cells.

TEEI = A (Z,

cells

- Znocells) (2)

Viability and Delivery Quantification: To assess whether electropora-
tion was occurring, Pl was added to the wells before applying various
waveforms. Pl was typically used in conjunction with calcein in a live—
dead assay because calcein relies on enzymatic cleavage to label living
cells while Pl was membrane impermeable and therefore only labels dead
cells. However, when Pl was added extracellularly prior to electroporation,
simultaneous labeling with both calcein and Pl was indicative of delivery
caused by electroporation. Cells were stained with 12.3 pg mL~" (20 um)
Hoechst 33 342 (Thermo Scientific), 2.5 ug mL~" (2.5 um) calcein AM (In-
vitrogen), and 5 ug mL™" (7.5 um) PI (Invitrogen) and incubated for 5 min
prior to imaging with a Zeiss Axio Observer 5 fluorescent microscope. Ex-
cept for experiments evaluating Pl delivery during electroporation, Pl was
added 1 h after electroporation to ensure internalization was due to cell
death, not delivery. For experiments evaluating Pl delivery, 0.1 mg mL™!
of Pl was added to cell culture media in the cargo chamber prior to elec-
troporation. Image processing was performed using a custom CellProfiler
pipeline. Hoechst 33 342 was used for quantification of total cell count, cal-
cein was used for quantification of confluency, and Pl was used for quan-
tification of viability. The total number of cells was determined by counting
the number of cells labeled with Hoechst 33 342. Viability was calculated
as the number of cells not labeled with PI divided by the total number of
cells, and confluency was calculated as the area of the image stained with
calcein divided by the total image area. For experiments measuring Pl de-
livery, viability was calculated as the number of cells labeled with calcein
divided by the total number of cells, delivery was calculated as the number
of cells labeled with PI divided by the total number of cells, and delivery
efficiency was calculated as the number of cells labeled with both calcein
and PI divided by the total number of cells.

Measurement of Optical Flow Before and After Electroporation: A431
cells expressing GFP E-cadherin were cultured on inserts using the stan-
dard conditions. A 10-min time lapse was recorded for each insert prior to
electroporation with one image taken each minute. The inserts were then
individually electroporated using 20 V while keeping the other waveform
parameters standard. A second 10-min time lapse was recorded for each
insert immediately following electroporation. A custom Matlab code was
used to measure the optical flow in each time lapse and the tical flow of
both the pre- and post-EP time lapses were normalized to the average of
the pre-EP time lapses.

Electro-Osmotic Transport of Deionized Water:  Inserts were weighed be-
fore and after adding 150 ug of DI water. 1 mL of DI water was added to
the well. 500 pulses of 400 V, 100 ms duration, and 5 Hz were applied to
the insert in the well using a Bio-Rad Gene Pulser Il with RF Module. After
applying the pulses, the insert with water was weighed to determine the
final volume.

Measurement of Cell Monolayer Thickness:  Inserts seeded and cultured
with cells under the standard cell culture conditions were divided into two
groups: a negative control group that would not be electroporated, and
a group that would be electroporated with the standard waveforms and
undergo the standard post-EP impedance measurement. Afterward, cells
were stained with 2.5 ug mL™" (2.5 um) calcein AM and incubated for 5
min. Z-stacks were imaged using a Zeiss LSM 800 laser scanning confocal
microscope. Matlab was used to determine the median intensity of each
image in each Z stack. The median intensities for each Z-stack were then
normalized to the brightest image in each Z-stack. A cutoff of 25% of the
maximum median intensity was used to determine the upper and lower
boundaries of the cell monolayer. Cell monolayer height was determined
using the number of images in each monolayer and the known spacing
between each image.

Small 2024, 20, 2310221

2310221 (13 of 14)

www.small-journal.com

Statistics: ~ Statistical analysis was performed using Origin. For the
comparison between the TEER meter measurements and the TEEI-PSEP
measurements, a two-sample t-test was used. For the comparison be-
tween the monolayer optical flow before and after PSEP, a paired t-test was
used. For all other figures, normality and equality of group variances were
assessed prior to calculation of one-way analysis of variance (ANOVA)
with Bonferroni pairwise comparisons. Normality was assessed using the
Shapiro-Wilk test. Equality of group variances was assessed using the
Brown—Forsythe test. For instances of non-normality, the Kruskal-Wallis
test was used with Dunn’s test for pairwise comparisons. For instances
of unequal variances, Welch’s ANOVA was used with Games—Howell pair-
wise comparisons.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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