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A B S T R A C T   

Intracellular delivery is critical for a plethora of biomedical applications, including mRNA transfection and gene 
editing. High transfection efficiency and low cytotoxicity, however, are often beyond the capabilities of bulk 
techniques and synonymous with extensive empirical optimization. Moreover, bulk techniques are not amenable 
to large screening applications. Here, we propose an expeditious workflow for achieving optimal electroporation- 
based intracellular delivery. Using the multiplexing ability of a high-definition microelectrode array (MEA) chip, 
we performed a sequence of carefully designed experiments, multiple linear regression modelling and validation 
to obtain optimal conditions for on-chip electroporation of primary fibroblasts. Five electric pulse parameters 
were varied to generate 32 different electroporation conditions. The effect of the parameters on cytotoxicity and 
intracellular delivery could be evaluated with just two experiments. Most successful electroporation conditions 
resulted in no cell death, highlighting the low cytotoxicity of on-chip electroporation. The resulting delivery 
models were then used to achieve dosage-controlled delivery of small molecules, delivery of Cas9-GFP single- 
guide RNA complexes and transfection with an mCherry-encoding mRNA, resulting in previously unreported 
high-efficiency, single-cell transfection on MEAs: cells expressed mCherry on 81% of the actuated electrodes, 
underscoring the vast potential of CMOS MEA technology for the transfection of primary cells.   

1. Introduction 

Electroporation has become the most prominent physical trans-
fection method thanks to high delivery success rates and convenient 
implementation [1]. During electroporation, cells are subjected to an 
electrical field that forces transient pores in the plasma membrane. 
These pores allow for the entry of molecules from the extracellular 
medium, which get trapped in the cell cytosol after the pores reseal. 

In the simplest implementation of electroporation, a suspension of 
cells is mixed with the cargo in a cuvette fitted with two large electrode 
plates. Then, high-voltage pulses (up to thousands of volts) are applied 
between the plates [2,3]. Electroporation in bulk, however, results in 
high cytotoxicity. Overexposure to the heterogeneous electric fields in 
the cuvette, Joule heating, and release of metallic ions from the elec-
trodes can negatively impact cell viability. The cells that do survive the 

process can suffer from an altered biological function, e.g. disrupted 
gene expression profiles in T cells, limiting the use in manufacturing of 
cell immunotherapies [4,5]. Optimization of electroporation conditions 
for a given cell and cargo type relies on the interaction of a large set of 
parameters and, traditionally, researchers have defaulted to lengthy, 
one-factor-at-a-time screening experiments to study electroporation 
[6–10]. 

Commercial transfection technologies often are “one size fits most” 
products, optimized for the delivery of nucleic acids in immortalized cell 
lines or a few primary cell types [11], as they often struggle with “hard- 
to-transfect” cells and non-nucleic acid cargos. For instance, commercial 
electroporators (i.e. Neon™ transfection system) can reach cell viabil-
ities and transfection efficiencies above 90% when applied to well 
established cell lines, but both figures of merit drop close to 60% when 
targeting primary cells. Recently, technologies based on physical 
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membrane disruption applied at the single-cell level have appeared to 
fill in this need for a cell type and cargo agnostic intracellular delivery 
method [12]. The localized membrane disruption created by those 
techniques can result in viabilities above 90% in primary cells, with 
efficiencies upward 80% with single-cell addressability, and they have 
been reported to minimally disrupt cell function compared to bulk 
methods [13,14]. 

Planar Microelectrode Arrays (MEAs) are used for electrical 
recording and stimulation of cells grown on their surface and, when 
applied to electroporation, offer improved control over cell exposure to 
electric fields, which should limit cytotoxicity. Recently, we demon-
strated a MEA chip fabricated using complementary metal oxide semi-
conductor technology (CMOS) featuring over 16,000 individually 
addressable and densely packed (>4000 electrodes/mm2) microelec-
trodes (Fig. 1A and B). This device has been used for the label-free 
monitoring of single cells through recording of electrical activity and 
impedance measurements in vitro [15,16]. Here, we focus on the MEA’s 
precise electrical stimulation capability to electroporate human dermal 
fibroblasts for the intracellular delivery of multiple molecule types with 
exquisite efficiency. The subcellular size of the electrodes (down to 8.75 
μm2), the close distance between them and the ability to address them 
individually permits single-cell electroporation with an unprecedented 
spatiotemporal resolution (Fig. 1C), a process we coin high-definition 
electroporation (HD-EP). 

After preliminary experiments that showcased the HD-EP chip’s 
ability to precisely deliver different molecules in HeLa cells with a high 

success rate (Supplementary Fig. S1), we set out to optimize the elec-
troporation of primary cells and maximize the quantity of molecules 
delivered. Importantly, individual control over each electrode enables 
an exceptional multiplexing ability that we exploit through highly par-
allelized screening experiments following the principles of Design of 
Experiments (DoE), culminating in a workflow that yields very efficient 
on-chip electroporation, cargo delivery, and transfection with high cell 
viability (Fig. 1D). Five electroporation parameters were included in the 
screening experiment: pulse amplitude, duration, number, symmetry, 
and electrode size were varied to generate 32 distinct electroporation 
conditions. Each condition has been tested twice in two separate, highly 
parallelized experiments. We measured the degree of electroporation on 
the one hand, quantified as the average cell fluorescence intensity after 
delivery of a small fluorescein-labelled dextran (10 kDa), and cell sur-
vival on the other hand. Multiple linear regression models were then 
used to map the relationship between the programmed voltage pulse 
parameters and the degree of electroporation and cell death. Next, the 
dextran delivery model was validated by predicting the outcome of three 
arbitrary, untested electroporation pulse programs, showcasing dosage- 
controlled delivery. Finally, we used the obtained on-chip electropora-
tion regression model to design electroporation conditions to maximize 
electroporation and cell survival, for the delivery of a 70-kDa dextran, 
Cas9-GFP single-guide RNA ribonucleoprotein complexes (RNP, over 
200 kDa), and an mCherry-encoding mRNA (1 kb). Finally, we also 
discuss which application could be enabled by HD-EP in the future. 

Fig. 1. Overview of electroporation on the CMOS HD-EP chip and the workflow proposed in this study. A: Image of the electrode area of the CMOS HD-EP chip with 
16 electrodes clusters, each containing 1024 individually addressable microelectrodes. B: Confocal microscopy close-up view of an electrode cluster. The 1024 TiN 
electrodes are split in four different blocks of different electrode sizes. For this work, each electrode cluster has been divided into four different experimental 
compartments corresponding to areas with different electrode sizes. The colored squares represent electrodes selected to submit an electroporation pulse train, and 
the different colors represent different electroporation conditions. C: Conceptual drawing of electroporation on chip. Electrical pulses are submitted through an 
electrode to create pores in the membrane of the cell adhering to it to deliver small molecules or nucleic acids. D: Electroporation workflow: 32 different elec-
troporation conditions designed with DoE can be applied to different areas of the HD-EP chip (Amp.: Amplitude; Dur.: Duration). Each electroporation condition was 
applied for the electroporation of primary human dermal fibroblasts grown on the chip, and we measured the intracellular delivery of a small fluorescein-labelled 
dextran (left) and the extent of cell survival (right) with confocal microscopy. Multiple linear regression models were then used to map the relationship between those 
outcomes and the pulse parameters, and the predictions of the dextran delivery model were experimentally validated. Finally, we used the regression models to 
design electroporation conditions that would maximize electroporation and cell survival and applied them to the delivery of a Cas9-sized dextran (70 kDa) (in green) 
and an mCherry-encoding mRNA (1 kb) (in red). Scale bar is 100 μm. (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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2. Results and discussion 

2.1. Highly multiplexed parameter screening for on-chip electroporation 

We first assessed electroporation on the HD-EP chip by growing 
primary human dermal fibroblasts for approximately 30 h and then 
electroporating them in the presence of a fluorescein-labelled dextran 
(“FD10”; 10 kDa). Each electrode cluster was divided into four regions of 
different electrode sizes organized in a non-overlapping pattern, and 
distinct electroporation conditions were applied to sets of 12 to 16 active 
electrodes per region (one condition per electrode size) (Fig. 2A). The 
spatially resolved pattern of electroporation is detailed in the Materials 
and Methods (Fig. 8D). For each of the 32 different electroporation 
conditions tested, the fluorescein intensity of the cells post- 
electroporation was measured to quantify intracellular FD10 delivery. 
Single-cell electroporation with the HD-EP chip is visible by combining 
cell nuclei staining (SYTO 61, red, Fig. 2B) with FD10 delivery (green, 
Fig. 2C). 

Most microelectrodes are in contact with a single cell, while neigh-
bouring cells, even those situated in the small space between active 
electrodes, were left unstimulated and thus did not take up FD10 
(Fig. 2C). The ability to target single cells, however, was found to be 
dependent on electrode size and decreased on larger electrodes. The 

largest electrodes on the HD-EP chip (11 × 11 μm2) were often in contact 
with more than one cell at a time (Fig. 2D, white arrows), while elec-
trodes sized 7 × 6.5 μm2 and smaller delivered the dye in single cells 
most of the time (in Fig. 2D, five of the largest electrodes are in contact 
with two or more fluorescent cells at a time (42%), while none of the 
smaller electrodes displayed are touching more than one fluorescent 
cell). When observing all the electrodes used for the screening experi-
ment, 48% of the 11 × 11 μm2 electrodes, 84% of the 7 × 6.5 μm2 

electrodes, 81% of the 4.5 × 4.5 μm2 and 84% of the 2.5 × 3.5 μm2 

electrodes resulted in single-cell electroporation, respectively. A higher 
degree of single-cell addressability would be achievable, however, if the 
electrode selection was based purely on cell location. 

Out of 32 runs in the screening experiment, 13 did not result in 
measurable FD10 intensity (41%). Of those runs, 11 were performed at 
the lowest level of pulse amplitudes (0.585 V peak-to-peak). While 
electroporation at those low voltages resulted in uptake of propidium 
iodide in the cell death analysis experiment, the 585 mV pulses sub-
mitted to the electrodes may not have created pores large enough for the 
passage of dextran into the cells, even at the highest pulse number. 

2.2. Regression model fitting to FD10 delivery 

For each run, the average fluorescence intensities of cells located on 

Fig. 2. Dextran delivery screening experiment. A: 
The electrode cluster has been separated in four 
different regions, each used to submit a distinct 
electroporation pulse to the cells grown on the chip. 
The colored rectangles outline the different regions, 
and the colored squares indicate the 12 to 16 elec-
trodes that have been activated during electropora-
tion. Each region comprises electrodes of different 
sizes. B: Nuclei of the cells, showing that cells are 
covering the entire cluster of electrodes, and that 
cells were present in between activated electrodes. C: 
Imaging of the dextran delivered in cells after elec-
troporation. Cells electroporated with different elec-
troporation conditions resulted in distinct average 
fluorescence intensity. The electroporation condi-
tions 1 and 3 have resulted in average cell fluores-
cence intensities of 20,355 and 6067 A.U., 
respectively, while 2 and 4 have not resulted in 
detectable uptake of dextran. Green: fluorescein- 
labelled dextran; Red: SYTO 61 nucleus staining. D: 
To show that most electrodes electroporated a single 
cell, the nuclei of the electroporated cells (red) and 
outlines of the active electrodes for conditions 1 and 
3 are overlayed on the dextran image. The contrast of 
the dextran image has been locally altered to better 
show cells of low fluorescence intensity. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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an active electrode was measured, and the data collected was used to 
build a multiple linear regression model (data in Supplementary Mate-
rials) comprising the main effects of all the parameters, their in-
teractions and the quadratic effects of the four quantitative parameters. 
A blocking factor representing the possible variations in results between 
chips was also included. This full model thus contains 21 terms: an 
intercept, a blocking factor, 5 main effects, 4 quadratic effects and 10 
interactions. Tables with all the terms of the model and detailed ex-
planations are available in Materials and Methods and in Fig. 8A and B. 
Not all those terms, however, have a significant effect within the model. 
Two different, reduced, models were generated with backward stepwise 
regression by minimizing either the corrected Akaike Information Cri-
terion (AICc) or the Bayesian Information Criterion (BIC). These are 
routine model selection criteria used when the number of observations is 
large compared to the number of terms to estimate. They were preferred 
over the usual p-value evaluation as that method, when applied to large 
datasets, usually results in most terms being significant and in an 
overfitting model [17]. A summary of the statistical properties for both 
models is provided in Fig. 3A. The BIC model shows the highest coeffi-
cient of determination (R2) and adjusted coefficient of determination 
(aR2), at the cost of increased complexity as seen in the larger number of 
terms in the model. While simpler models should be preferred to miti-
gate the risks of overfitting the sample data, the similar predicted re-
sidual error sum of squares (PRESS value) of the BIC model indicates 
that it does not present more risks of overfitting. For those reasons, the 
BIC model was selected to optimize electroporation on chip. Fig. 3B and 
C display an analysis of variance and a comparison of its predictions to 
the experimental data. 

Fig. 4A shows the relationship between the average cell fluorescence 
intensity and the electroporation parameters. A summary of all the 
factors present in the model can be seen in Fig. 4B. The estimates of the 
factors indicate the importance that each factor has within the model, as 
higher absolute values show larger impact within the model. The lack of 
significance of the blocking factor suggests that there was no difference 
in fabrication or handling between the two chips used in parallel, and 
that the results obtained between them are not statistically different. A 
detailed and interactive report of this dextran delivery model is avail-
able in the Supplementary materials. 

The two terms with the highest impact in the model, as seen by 
highest estimates, are the amplitude and the duration of the pulse 
(Fig. 4B). This is consistent with previous theoretical and experimental 
work on electroporation [1], in which pulse amplitude and duration 
were found to work through distinct mechanisms. A strong pulse will 
initially create more, but smaller pores, while sustaining the pulse over 

time will expand the pores [18]. In addition to their main effects, the 
pulse amplitude and duration contribute to the model with a strong 
positive interaction. The Amplitude*Duration interaction term may not 
only result from the synergy between the two parameters during pore 
formation and expansion, but also through the appearance of electro-
chemical reactions when voltages above ca. 1 V are applied to titanium 
nitride electrodes [19,20]. Below that voltage threshold, only short 
capacitive currents can be submitted through the electrodes and the 
pulse duration has no effect. Above that threshold, however, longer, 
faradaic currents can be sustained, and the pulse duration develops a 
strong effect within the model (Fig. 4C). 

Electrode size, the pulse symmetry and the higher order terms 
involving them have a slightly milder impact in the model. Symmetric 
pulses were more effective than asymmetric pulses. In an asymmetric 
pulse, the longer but weaker phase might only slightly increase the 
transmembrane potential or might not be able to sustain long faradaic 
currents, resulting in short and ineffective capacitive pulses. The pres-
ence of an interaction term involving the pulse amplitude and symmetry 
hints at that hypothesis. Because our HD-EP chip can only submit trains 
of short square pulses, asymmetric pulses have been introduced in the 
screening experiment to emulate the “double pulse electroporation” [6] 
strategy used in commercial electroporators, which has been shown to 
improve delivery efficiency by electrophoretically driving charged 
molecules in the cells. We hypothesized that the stronger positive phase 
might create a net faradaic current that would attract negatively charged 
molecules like the fluorescein-labelled dextrans, while the weaker 
negative phase would only generate a short capacitive current that 
would not contribute to the net movement of charges near the elec-
trodes. That did not seem to occur, however. 

The negative, quadratic effect of electrode size gives an inverted 
parabolic profile to the fluorescence intensity curve: the smallest and the 
largest electrodes used in the screening experiments resulted in lower 
fluorescence intensities than electrodes of intermediate sizes (Fig. 4A). 
The model suggests an optimal electrode size of approximately 80 μm2 

for the cells used in this study. This may be caused by two opposite ef-
fects. The area of electroporated cell membrane scales with electrode 
size, and larger electrodes create more pores overall, but larger elec-
trodes create the risk of partial contact with the cells, and current 
emitted by large electrodes may be dissipated through electrode surface 
that is not covered by cells. 

Finally, the pulse number seems to have a very limited effect on the 
delivery of dextran. The quadratic effect of the pulse number is signifi-
cant, while the main effect of the pulse number is not. The model pre-
dicts that increasing the number of pulses is effective only in the case of 

Fig. 3. Model selection for the dextran delivery screening experiment. A: Statistical properties of the two different models generated through stepwise regression. 
The BIC model shows higher R,2 aR2 and PRESS, so was selected as the model used to fit the dextran delivery data. B: Analysis of Variance table of the BIC model. DF: 
Degrees of Freedom. C: Actual Fluorescence intensity, obtained experimentally, vs the Fluorescence intensity predicted by the BIC model. The dashed curves 
represent the 0.05 significance curves. RMSE: Root-mean-square error. 
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>500 symmetric pulses (visible in the interactive report available in the 
Supplementary materials). This dependency is present in the model in 
the form of a Pulse Number*Symmetry interaction term and could be 
explained this way: increasing the pulse number can be seen as a means 
to increase the time during which the cell membrane experiences an 
electric field. That is why increasing the pulse number may contribute to 
stabilize or expand the electropores formed by the initial pulses, effec-
tively widening the time window available for the entry of molecules in 
the cells, while also prolongating electrophoretic delivery of molecules 
[21]. The range of pulse numbers evaluated in this study, however, may 
not have been wide enough and extending the range of pulse numbers 
tested may result in a more drastic effect within the model, even for 
asymmetric pulses. 

2.3. Validation of the regression model and dosage-controlled delivery 

To verify the model’s ability to predict the fluorescence intensity of 
cells electroporated with previously untested sets of parameters, we 
performed a validation experiment. Three electroporation conditions 
were designed to deliver enough FD10 in cells to reach fluorescence 
intensities of 5000 A.U., 10,000 A.U. and 15,000 A.U, which are values 
expected within the range of fluorescence uptake after EP. The three 
different electroporation conditions were tested simultaneously in the 
same electrode cluster. In total, four replicates were performed on the 
electrode clusters on a single chip. The values of the parameters tested, 
and the confidence intervals of the predicted fluorescence values are 
shown in Fig. 5A. 

Fig. 5B and C show fluorescence microscopy images resulting from 
two replicates, while Fig. 5D shows the average fluorescence of the cells 
for all four replicates. The fluorescence intensities of the cells electro-
porated during the validation experiment are mostly in agreement with 

the predictions of the model, and we conclude that the model can be 
used to define electroporation conditions that would optimize the de-
livery of small molecules. Out of twelve different trials, only three 
resulted in average fluorescence intensities that were outside of the 
prediction intervals (Fig. 5D, dashed lines). Experimentally validating 
the regression model built on a designed screening experiment corrob-
orates that DoE is a quick and reliable way to navigate the electropo-
ration parameter space. Moreover, the ability to tailor the 
electroporation conditions to introduce a desired quantity of molecules 
in the cells implies a dosage-controlled intracellular delivery. 

The standard deviation values associated with the mean intensities 
(Supplementary Fig. S2), however, reflects the large variability between 
cells electroporated under similar conditions. For instance, in Fig. 5C, a 
red arrow shows a surprisingly bright cell, compared to its dim neigh-
bours. We have identified three main reasons explaining this variability, 
all originating from the random shape and location of the cells on the 
HD-EP chip. i) Cells may not always fully cover an electrode. The vari-
able contact area between the two may result in different electropora-
tion outcomes, such as electroporation of a smaller patch of membrane, 
or electrical current lost through the uncovered electrode area rather 
than passing through the cells. ii) Cells can cover multiple active elec-
trodes at the same time and are more electroporated than intended. 
Similarly, the fibroblasts investigated in this study sometimes spanned 
between two compartments and may have been electroporated twice 
with different parameters (Fig. 5B and C, white arrows). iii) Variability 
in cell size generates variability in fluorescence intensity. The brightness 
of a cell is related to the intracellular concentration of fluorophores 
rather than an absolute number of molecules. For the same quantity of 
fluorophores diluted within the cytosol of two cells, a larger cell will 
appear fainter than a smaller cell. While the erratic shapes of fibroblasts 
complicated the measurements, we predict that cell brightness should be 

Fig. 4. Relationship between the parameters and the electroporation of cells on the HD-EP chip. A: Relationship between the electroporation parameters and the 
predicted average fluorescence intensity of the cells after electroporation in presence of FD10 when the parameters are set at their middle level, and Symmetry is set 
as Sym. B: Sorted estimates of the factor effects present in the model. Varying factors that have a higher scaled estimate has more impact on the predicted fluo-
rescence intensity than varying factors with lower scaled estimates. C: Interaction between the pulse Duration and the pulse Amplitude when the other factors are set 
at their middle level, and Symmetry is set as Sym. The effect of Duration depends on the level of the pulse amplitude: it is non-existent at the lowest amplitude and 
becomes more pronounced as the amplitude is increased. The top curve shows the predictions for a high pulse amplitude and the bottom line shows predictions for a 
low amplitude, which correspond to the faradaic and capacitive regimes, respectively. A detailed and interactive model is available in the supplementary materials. 
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inversely proportional to cell size, which will be verified in a follow-up 
study. 

2.4. Cell survival analysis and fitting 

The 32-run screening experiment was then adapted to observe the 
extent of cell death. To distinguish the cells that were electroporated 
from the ones that were left unaffected, electroporation was performed 
in the presence of Propidium Iodide (PI), a cell impermeant red nucleic 
acid stain. After giving ten minutes for the cells to recover, they were 
stained with YO-PRO-1, a green apoptosis and cell death stain. Fig. 6D 
and E show the results of a run where surviving cells display only red 
fluorescence (white arrows), while cells that died from electroporation 
display both red and green fluorescence (green arrows). Only six out of 
the 32 runs resulted in identifiable cell death, most likely because the 
range of values selected for the screening experiment were designed to 
avoid ubiquitous cell death and subsequent detachment from the chip 
surface (details in the Materials and Methods). 

The cell survival rate was then calculated from the ratio of dead or 
dying cells to electroporated cells. That value varied between 62% and 
100%. The data gathered for each run was then used to build a regres-
sion model to describe cell survival in terms of the electroporation pa-
rameters and two different models were generated in the same manner 
as in the previous screening experiment. Both models showed compa-
rable coefficients of determination and like in the previous case, BIC 

minimization resulted in a more complex model than AICc minimiza-
tion. The BIC model, however, presented a possible sign of overfitting: 
the pulse number appeared to have a significant quadratic effect within 
the BIC model, but with minimal impact on the predicted cell survival. 
Removing the pulse number (main and quadratic effects) from the BIC 
model yielded the AICc model. That is why the AICc model was favoured 
to find optimal electroporation parameters. Fig. 6 details this model and 
its parameters. A detailed and interactive report of the model is available 
in the Supplementary Materials. 

The significant parameters contained in this model are the pulse 
amplitude, the pulse symmetry, and the electrode size (Fig. 6F). In 
agreement with previous reports, cell survival decreases quadratically 
with the pulse amplitude [6] (Fig. 6F and G). Symmetric pulses showed 
more toxicity than asymmetric pulses, most likely for the same reasons 
they were more effective in delivering the FD10. Finally, larger elec-
trodes result in increased cell death, while keeping the other pulse pa-
rameters constant. Electroporation on large electrodes may cause the 
disruption of a larger patch of cell membrane, resulting in unrepairable 
membrane damage or lethal loss of intracellular components. 
Conversely, electroporation on smaller electrodes guarantees cells sur-
vival, in agreement with previous reports that localized membrane 
poration only minimally disrupts cells viability and function [13,14]. 

This model fitted to the cell survival data, however, lacks some of the 
significant terms present in the dextran delivery model. For instance, the 
duration and number of pulses were not found to have a significant 

Fig. 5. Validation of the dextran delivery model. A: Values of the electroporation parameters predicted to achieve high, medium, and low fluorescence intensities 
(15,000 A.U., 10,000 A.U. and 5000 A.U, respectively), and the associated confidence intervals (C.I.). B and C: Confocal fluorescence microscopy of FD10 delivered in 
cells in two different replicates. The dashed rectangles correspond to different experimental compartments, as for the screening experiment (Fig. 2A). The aim was to 
generate bright cells in the left compartment, medium intensity cells in the middle, and dim cells in the right compartment. The white arrows point to cells spanning 
multiple compartments, and the red arrow points to an abnormally bright cell, showcasing the cell-to-cell variability in fluorescence intensity. D: Actual average 
fluorescence intensity of the cells after electroporation with the validation parameters vs the values predicted by the model. The dashed bars represent the 95% 
prediction interval. In 9 cases out of 12, the experimental values were in agreement with the model. (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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impact, while they were reported to be contributing factors in explaining 
cell death [6]. The limited number of runs in which cell death did occur 
may provide only limited useful data points from which to build a linear 
regression model. On the positive side, the high survival rates observed 
during the screening experiment shows that electroporation on the HD- 
EP chip factors in a large range of useful parameters that can be tuned to 
optimize intracellular delivery without causing cell death. 

2.5. Finding and applying optimized electroporation parameters 

The two regression models built on dextran delivery and cell death 
data were used to find the values of electroporation parameters that 
would find the best compromise between maximal intracellular delivery 
and minimal cell death. These optimized electroporation conditions 
were 610 symmetric pulses with 1.22 V amplitude, 1.87 ms duration 
submitted to 45.5 μm2 electrodes. This electrode size value had been 
fixed before optimization as it was the closest available to the optimal 
one suggested by the regression model (approximately 80 μm2). None-
theless, it is possible to select a different electrode size and find the 
corresponding optimal electroporation conditions. For instance, if 

single-cell electroporation is crucial, smaller electrodes could be chosen, 
and the other parameters would be increased in compensation. The 
amplitude of 1.22 V is the point above which cell viability drastically 
decreases and has been chosen by the maximization algorithm to reflect 
the high importance we set for the outcome “Survival Rate”. On the 
other hand, the intermediate values chosen for duration and pulse 
number come from the constraints set between the parameters to 
generate the runs of the screening experiment (details in the Materials 
and Methods). In fact, according to the regression models, increasing the 
pulse duration should improve electroporation outcome. Combinations 
of high amplitudes and long durations, however, were not included in 
the screening experiments, and the maximization algorithm will not 
output parameter values that were not yet tested. 

These optimal electroporation conditions were applied for the de-
livery of Cas9-GFP RNPs, a 70 kDa fluorescein-labelled dextran (“FD70”) 
and of an mCherry-encoding mRNA. While we can in principle expect 
the delivery of those large molecules to require specific electroporation 
conditions, we hypothesized that the FD10-optimized parameters would 
be viable, but not optimal, to deliver large cargos and mRNA in cells. 
Our assumption is that maximizing the delivery of FD10 is an indirect 

Fig. 6. Cytotoxicity screening experiment and corresponding linear regression model. A: Summary of the properties of the cell survival regression model. B: Analysis 
of variance of the cell survival model obtained by AICc minimization. C: Actual Survival Rate vs Survival Rate predicted by the regression model. The dashed curves 
represent the 0.05 significance curves. D and E: Confocal fluorescence microscopy images of cells electroporated in the presence of PI (D) and later stained for cell 
death with YO-PRO-1 (E). Cells that were electroporated and survived the process display only red fluorescence (white arrows), while the cells killed by electro-
poration show both red and green fluorescence (green arrows). F: Sorted estimates of the factors present in the cell survival model. G: Relationship between pulse 
amplitude, electrode size, pulse symmetry respectively and predicted cell survival rate. A detailed and interactive model is available in the supplementary materials. 
(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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means of maximizing the formation of pores on the cell membrane 
during electroporation. As electroporation creates pores with sizes 
distributed over a large range (up to 50 nm1), maximizing the overall 
pore formation should also lead to an increase in pores large enough for 
entry of FD70 or Cas9 RNPs. In the different case of electrotransfection, 
the nucleic acids require electric fields to approach the cell membrane 
and interact with membrane pores formed during electroporation, 
before being internalized by the cell [22]. When performing electropo-
ration on our MEA chip, biphasic pulses might not offer a net electro-
phoretic motion, but their anodic (positive) phase does provide an 
opportunity for the mRNA molecules to interact with membrane pores. 
Thus, electroporation parameters that maximize pore formation should 
also lead to a successful delivery of nucleic acids. 

The results of these three experiments are presented in Fig. 7 (A-C). 
While the resulting fluorescence signal is faint but clearly detectable 
(Supplementary Fig. S3 D), the intracellular delivery of Cas9-GFP RNPs 
with the HD-EP chip is shown possible, opening the door to future gene 
editing applications. It is worth noting that the RNPs are much larger 
(200+ kDa) than the FD10 used to optimize the electroporation pa-
rameters, suggesting that maximizing the extent of electroporation can 
yield viable parameters for the delivery of large molecules. Cells elec-
troporated in the presence of the large dextran molecule showed a more 
pronounced fluorescence signal (Fig. 7B). As multiple fluorophores are 
present on each dextran molecule, dextrans are intrinsically brighter 
than RNPs which contain a single GFP protein. The experiments prove 
that electroporation on microelectrode arrays can be used for the de-
livery of large biological molecules. Interestingly, large dextrans seemed 

to be excluded from the cell nucleus, while the FD10 were not (Fig. 7, D- 
G). This is consistent with the cut-off of 30 to 60 kDa that is often re-
ported as the size limit above which diffusion through nuclear pore 
complexes is limited [23]. It may also indicate that the pulse parameters 
used in those experiments do not permeate the nucleus of the cells on the 
HD-EP chip, which can be desirable in some applications. On the other 
hand, RNPs contain a nuclear localization signal and did not seem 
excluded from the cell nucleus. Half of the electrodes resulted in suc-
cessful delivery of FD70 or Cas9-GFP RNPs (ca. 50% efficiency) (Sup-
plementary Fig. S3 A and B), which contrasts with the higher efficiency 
delivery of FD10. The size of the pores created by electroporation is 
notoriously small compared to other techniques [1] and delivering 
large, uncharged molecules is a more challenging task and might require 
more optimization [9]. Our RNP and FD70 delivery success of 50%, 
however, falls within the range of values reported for other techniques 
[12], and could most likely be improved with a dedicated optimization. 

In the case of mRNA delivery, mCherry fluorescence could already be 
detected in some cells as early as an hour after electroporation (data not 
shown). Four hours after electroporation, the cells displayed clear 
fluorescence (Fig. 7C) and 13 out of the 16 active electrodes were in 
contact with a cell expressing mCherry (Supplementary Fig. S3 C), 
resulting in successful electrotransfection and expression of mRNA on 
>81% of the electrodes 4 h after electroporation. While cell death could 
not be monitored during this experiment, the regression model built 
during the cell survival analysis predicts a survival rate of 93% (±3%). 
An mRNA transfection efficiency above 80% and a survival rate above 
90%, resulting in a yield of 74% (the yield being calculated as the 

Fig. 7. Delivery of Cas9-GFP RNPs, dextran (70 kDa) and mCherry-encoding mRNA in primary human dermal fibroblasts with optimized electroporation conditions. 
A: Confocal fluorescence microscopy of the electrode cluster after delivery of Cas9-GFP RNPs. The dashed rectangle outlines the area displayed in panels B and C. The 
area is centered around the 45.5 mm2 electrodes, which was the optimal electrode size used to deliver the large molecules while maximizing cell survival. The 16 
white squares represent the electrodes activated for electroporation. B: Confocal fluorescence microscopy of cells after delivery of FD70. C: Cells transfected with 
mCherry-encoding mRNA, imaged four hours after electroporation. B and C: Scalebar is 100 μm. D-G: Examples of cells electroporated either in presence of FD10 (D, 
E) or FD70 (F, G). Cell nuclei are stained with SYTO 61 (red). The 10 kDa dextran can diffuse freely in the nucleus of cells and their cytosol is homogeneously 
fluorescent (E), while 70 kDa dextrans are excluded from the nucleus, leaving a dark spot in the middle of the cell (G). (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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product of cell survival and transfection efficiency), puts HD-EP per-
formance above values reported for commercial electroporators in pri-
mary cells [24] and on par with the most effective single-cell 
transfection technologies [12]. As a point of comparison, performing the 
transfection of primary fibroblasts on a commercial electroporator 
resulted in approximately 60% of cell viability (Supplementary mate-
rials and methods and Supplementary Fig. S4), and almost all the sur-
viving cells expressed mCherry after 6 h, resulting in a yield of 60%. 
Many cells, however, showed round morphology uncharacteristic of 
healthy adherent cells, further suggesting long lasting disruption of cell 
functions for the cells that did survive. 

This showcases the possibility to perform a highly efficient, spatially 
resolved transfection on the HD-EP chip. As for the delivery of small and 
large dextrans, mRNA transfection still gives rise to a large cell-to-cell 
variability in fluorescence intensity. After two days of incubation, 
however, the fluorescent cells had spread across the electrode cluster 
and did not match the locations of the electrodes active during elec-
troporation (See Supplementary Fig. S3 E). 

3. Conclusion 

Thanks to the multiplexing ability of the CMOS HD-EP chip, we 
designed and implemented a quick and efficient workflow to transfect 
individual cells in a human dermal fibroblast culture with high effi-
ciency and precision. Regression models fitted to the data on dextran 
delivery and cell death were largely in agreement with previous litera-
ture and could be used to predict the outcome of untested electropora-
tion conditions. We also demonstrated that intracellular delivery of 
molecules happened at values of electroporation parameters much lower 
than values that caused cell death. For more insightful follow-up studies 
on cell death in the context of electroporation, it would be recom-
mended to use a different screening experiment, that investigates a 
larger range of values of electroporation parameters than the ones used 
to investigate delivery. Thanks to the regression models, electroporation 
conditions to maximize electroporation and minimize cell death were 
generated and applied to the delivery of Cas9-GFP RNPs, 70 kDa dextran 
and an mCherry-encoding mRNA. Delivery of the mRNA resulted in 
successful transfection on >80% of the electrodes used for electropo-
ration, with a predicted cell survival rate above 90%. The higher yield 
obtained on our HD-EP chip, combined with its multiplexing/spatially 
resolved electroporation abilities, make it an ideal platform to imple-
ment certain screening applications that we detail at the end of text. 
However, the use of adherent cells render it inherently lower throughput 
compared to in-flow transfection methods such as in-flow electropora-
tion or microfluidic cell squeezing, which are preferable to produce 
modified cells in large scales but less amenable to screening 
experiments. 

Interestingly, optimized electroporation parameters used in trans-
fection experiments were deducted from observations made on the de-
livery of a small molecule. While the delivery of small molecules relies 
on different mechanisms of intracellular entry than larger, charged 
molecules like mRNA, it could be expected that these different molecules 
would require distinct pulse parameters. These promising results, 
however, show that optimizing electroporation itself (as quantified by 
the uptake of small molecules) is an efficient, cargo agnostic method to 
generate electroporation conditions for the delivery of larger, more 
challenging molecules. The conditions found in this way may not be 
optimal for a specific molecule but might be viable for many others, like 
in the case of larger dextrans and mRNA. Moreover, in the case of a 
molecule that may require its own delivery optimization or dosage 
control, the workflow that we showcased in this study can quickly and 
conveniently generate electroporation conditions that maximize de-
livery efficiency and cell survival. Finally, future work should also focus 
on including more complex electroporation strategies to the screening 
experiments. For instance, implementing on chip elegant electropora-
tion conditions combining pulses of different amplitudes and durations 

to achieve a net movement of molecules toward the cells [6] could 
further improve the efficiency of HD-EP. A tailored HD-EP CMOS chip 
that can host larger amounts of cells while keeping single cell precision 
might be an advantage for moving this to practical applications. 

We believe that HD-EP will drive forward drug screening applica-
tions relying on the intracellular delivery of a large library of biologi-
cally active compounds. For instance, the cytotoxic activity of 
chemotherapeutic drugs can be enhanced up to thousand-fold upon 
cellular entry through electroporation, a process known as electro-
chemotherapy [25]. By sequentially introducing different cargos to 
cancer cells grown on our HD-EP chip, and by activating only a subset of 
electrodes at a time, the electrochemotherapeutic activity of different 
drugs could be tested at different locations of the chip in parallel. The 
addition of a microfluidic system to automate the drug dispensing will 
result in a fast and highly parallelized drug screening platform [26]. The 
small number of cells present on the chip during HD-EP (~50,000) 
would make this technique amenable to patient-derived tumour sam-
ples, paving the way to a fast and personalized treatment selection. 
Another application that is well served by HD-EP is the creation of so- 
called organs-on-a-chip for in vitro drug testing. That is, the spatially 
resolved transfection and differentiation of patient-derived stem cells 
will allow the creation of tissues with a physiologically relevant archi-
tecture, a step toward more predictive disease models and clinical trials 
in a dish [27]. Moreover, the monitoring abilities of the HD-EP chip 
would generate label-free, real-time data about the tested drugs’ effec-
tiveness at the single cell level. 

4. Materials and methods 

In this work, we used 32 different electroporation conditions in 
which four pulse train parameters and the electrode size are varied to 
optimize the electroporation efficiency and cell survival (Fig. 8A). All 
those distinct electroporation conditions were tested in parallel in a 
single experiment by submitting them to different locations of the active 
area on our CMOS HD-EP chip (Fig. 8D). The 32-run experiment was 
performed twice: once to evaluate the impact that the electroporation 
parameters have on the intracellular delivery of small molecules, and 
another time to evaluate their impact on cell survival. 

4.1. CMOS HD-EP Chip and spatially resolved electroporation 

The CMOS MEA chip fabrication and packaging have been described 
in Mora Lopez et al. (2018) [16] and Miccoli et al. (2019) [15], 
respectively. While the device features 6 different cell interfacing mo-
dalities, including electrophysiological recording and impedance 
monitoring, this work focuses on its voltage stimulation abilities, that 
were used to electroporate and transfect adherent cells grown on the 
active area of the chip. The 5 × 5 mm2 active area of the HD-EP chip 
comprises 16,384 individually addressable titanium nitride (TiN) mi-
croelectrodes with sizes of 2.5 × 3.5, 4.5 × 4.5, 6.5 × 7, 11 × 11 (8.75, 
20.25, 45.5 and 121) mm2. Those electrodes are distributed across 16 
clusters arranged into a 4 by 4 matrix, and each cluster forms a grid of 
32 × 32 = 1024 electrodes with 15 μm pitch between electrodes. Every 
electrode is connected to a stimulation unit comprising a 5-bit digital-to- 
analog (DAC) converter and can be individually selected to submit 
voltage pulses of up to ±1.65 V. Around each cluster, eight additional 
large (235 × 50 μm2) electrodes were patterned to serve as references 
(Fig. 1B). The HD-EP chip was plugged into an in-house developed 
benchtop setup. That setup had the two roles of powering the chip and 
connecting it to a computer running a custom-made configuration 
software. In the configuration software, the user can select spatial pat-
terns of electrodes and design square-wave voltage pulse trains that will 
be sent to the selected electrodes. 

We used the ability to individually address the microelectrodes to 
submit the different electroporation pulse trains designed by DoE to 
different locations of the HD-EP chip’s active area, effectively 
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multiplying the number of electroporation conditions tested in a single 
experiment. More precisely, each electrode cluster was split into four 
regions of a single electrode size, effectively dividing the active area into 
different “experimental compartments”, in which a distinct electropo-
ration pulse train can be tested. To observe the electroporation of single- 
cells and prevent cells from being stimulated by multiple electrodes at 
once, a set of 12 or 16 evenly spaced electrodes per compartment were 
selected to submit a common electroporation pulse train (they are 
referred to as the active electrodes). That is, most microelectrodes 

remained idle and only a few were active during the electroporation 
sequence. A gap of idle electrodes was left between compartments to 
prevent cells from being electroporated with two electroporation con-
ditions at once. It resulted in most compartments comprising 12 active 
electrodes, except for the rightmost compartments that comprise 16 
(Fig. 8D, shown by colored squares). 

Fig. 8. Summary of the implementation of the multiplexed, on-chip electroporation screening experiment. A: Table listing the five electroporation parameters 
evaluated in the screening experiment designed with DoE, along the range of values in which they varied in the different runs. B: List of quadratic and interaction 
effects evaluated in the screening experiments in addition to the main effects presented in A. A blocking factor has been added to take into consideration potential 
differences between the two chips used in parallel to perform the screening experiment. An intercept also must be estimated, bringing the total number of terms in the 
model to 21. C: Example of a generic pulse train showing the parameters evaluated in the screening experiment. The pulse interval was not included in the DoE and 
kept constant at 1 ms. D: To perform multiple runs simultaneously in different areas of the HD-EP chip, 4 electrodes clusters have been divided into four com-
partments, outlined with different colors. Each compartment had a different electrode size. In each compartment, 12 to 16 electrodes (represented by colored 
squares) have been selected to submit an electrical stimulation. Gaps where no electrodes were activated were left in between compartments to avoid cells spanning 
across compartments and being stimulated with multiple electroporation conditions. It resulted in most compartments comprising 12 active electrodes (red, white, 
and yellow), except for the rightmost compartments that comprise 16 (blue). To perform 32 different electroporation conditions in parallel, two chips were used at 
the same time, each performing 16 runs. (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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4.2. Explored electroporation parameters 

In this work, we evaluate the effects of five electroporation param-
eters: the electrode size and four pulse parameters. All the electropo-
ration pulses tested were cathodic‑leading, balanced biphasic voltage 
pulses. There was a 1 ms interval between pulses. The pulse parameters 
that were investigated in this study are the pulse amplitude, the positive 
phase duration (referred to as pulse duration), the number of pulses and 
the pulse symmetry (Fig. 8A). In symmetric pulses, the negative phase 
had the same duration and amplitude as the positive phase, while in 
asymmetric pulses the negative phase had half the amplitude but twice 
the duration of the positive phase (Fig. 8C). 

The “Custom Design” function of the software JMP® (Version 15. 
SAS Institute Inc., Cary, NC, 1989–2021) was used to generate 32 
different electroporation conditions (see Supplementary Table 2), 
designed to predict the effects that five factors (four electroporation 
pulse parameters plus the electrode size) have on two response param-
eters. The first response is the average fluorescence intensity of the cells 
after electroporation with a fluorescently labelled cargo, that we use as a 
quantification of the amount of molecule delivered in the cells. The 
second response is the survival rate, calculated from the ratio of dead 
and apoptotic cells to electroporated cells, that gives us a measure of the 
electroporation conditions’ cytotoxicity. The goal for those two re-
sponses was set as maximize. 

The five factors investigated, with their low and high levels, are 
shown in Fig. 8A. Standard coding was applied to the quantitative fac-
tors. Because the active area of the chip has been divided in different 
experimental compartments each comprising electrodes of a single fixed 
size, the electrode size was defined as a covariate factor. The range of 
values for the parameters tested was defined according to preliminary 
results and was chosen to limit cell death. A 21-term model was 
generated by including all the main (5 terms) and quadratic effects (4 
terms, the quadratic effect of pulse symmetry, a categorical factor, 
cannot be evaluated), all two-way interactions of the five factors (10 
terms), an intercept and a blocking factor (2 terms) (Fig. 8B). Moreover, 
to avoid the cell death resulting from exposure to strong electroporation 
conditions, two linear constraints were implemented to avoid the gen-
eration of runs with combinations of high amplitude and long duration, 
or of long duration and large pulse numbers (see Supplementary 
Table 3). 

As only four of the electrode clusters on the HD-EP chip contain each 
of the electrode sizes of interest for this study, the full DoE had to be 
performed on two separate chips, used at the same time. The 32 runs 
were thus split in two blocks of 16 runs each, corresponding to the two 
different chips used. The blocking factor was introduced to detect any 
change in results due to variations in fabrication or handling of the 
chips. Fig. 8A and B show the full list of terms investigated in the DoE. 

The design was made I-Optimal, as these designs are well suited for 
predicting and optimizing the modelled processes [28]. In the 32 
different electroporation conditions designed by JMP, the pulse ampli-
tudes of the runs were slightly adjusted to match the closest value 
available in the stimulation unit’s 5-bit DAC. 

4.3. Culture of human dermal fibroblasts 

Neonatal human Dermal Fibroblasts (HDF, ATCC PCS-201-010) cells 
were obtained from the American Type Culture Collection (ATCC) and 
are a common cell type displaying the typical features of primary cells 
such as limited proliferation and transfection efficiency with standard 
methods compared to immortalized cell lines. They are of use for the 
generation of induced pluripotent stem cells through delivery of 
reprogramming genes and gene editing experiments. They were cultured 
in a standard cell culture incubator (37 ◦C, 100% humidity, 5% CO2) in 
Dulbecco’s modified Eagle’s medium/Nutrient mixture F12 with Glu-
taMAX supplement (DMEM/F12, Gibco™), augmented with 10% foetal 
bovine serum (FBS, Gibco™) and 1% Penicillin-Streptomycin (10,000 

U/ml, Gibco™). Cells were passaged every two to three days with 0.05% 
trypsin-ethylenediaminetetraacetic (EDTA, Gibco™) and were dis-
carded after ten passages. 

4.4. Culture of cells on the CMOS HD-EP chip 

To prepare the CMOS HD-EP chip for cell culture, the central wall of 
a Culture-Insert 2 Well for wound healing assay (IBIDI) was cut away 
and the insert was glued around the active area of the chip with a 
biocompatible epoxy resin (EPO-TEK® 353ND, Epoxy Technology). The 
chip’s active area was then sterilized with 70% ethanol for 5 min and 
rinsed three times with sterile high purity water (HPW). 

In between experiments, the chip was cleaned by depositing a 1% w/ 
v solution of Tergazyme® (Alconox®, Sigma-Aldrich) in the culture 
insert and incubating it at 37 ◦C for 20 min. The chip was then abun-
dantly rinsed with HPW and resterilised. 

After reaching approximately 80% confluency, HDF cells were de-
tached from the culture flasks with 0.05% Trypsin-EDTA, counted with a 
Countess 2 FL Automated Cell Counter (Countess 2, Invitrogen) and 
resuspended in DMEM/F12 at a concentration of 1.2 × 105 cells/ml. 
250 μl of cell suspension (30,000 cells, for a density of about 43,000 
cells/cm2) were deposited in the insert on the chip. To obtain a homo-
geneous cell density across the chip surface, the chip was put on a vi-
bration free surface for 30 min to let the cells settle [29]. The chip was 
then put in a cell culture incubator for approximately 36 h. 

4.5. Electroporation of cells on the CMOS HD-EP chip 

All the electroporation experiments were performed at room tem-
perature, approximately 30 h after the cells were seeded onto the CMOS 
HD-EP chip. The molecules to be delivered in the cells through elec-
troporation were all dissolved in phenol red-free Hank’s Balanced Salt 
Solution containing Calcium and Magnesium (HBSS, Gibco™). The 
dextrans were dissolved at a concentration of 4 mg/ml in HBSS. The 
Cas9-GFP RNPs were first assembled by mixing 4 μl of Cas9-GFP Protein 
reconstituted in nuclease free water with glycerol at a concentration of 
50 μM (Sigma-Aldrich) and 4 μl single-guide RNA (Integrated DNA 
Technologies) reconstituted in Tris-EDTA at a concentration of 200 μM. 
After 10 min incubation at room temperature, the RNP mix was added to 
32 μl of HBSS, with a final Cas9 concentration of 5 μM. 

Before the dextran or RNP delivery experiments, the CMOS HD-EP 
chip was connected to the control setup. Then, the culture medium 
was removed and replaced with either 50 μl of a solution of fluorescein- 
labelled dextrans 10 kDa (FD10, Invitrogen) or 70 kDa (FD70, Invi-
trogen), or 40 μl of a solution of RNPs. The cargo solutions were left in 
contact with the cells for two minutes before the electroporation 
sequence was triggered. After the end of the final electroporation step, 
the cells were incubated with the dextran solution for two more minutes. 
Finally, the solution was removed, and the culture insert was gently 
rinsed three times with 250 μl of warm HBSS. After the last rinsing step, 
the cells were stained with 200 μl of HBSS containing the red nucleic 
acid stain SYTO 61 (Molecular Probes) at a concentration of 2.5 μM. 
After 20 min of incubation in a cell culture incubator, the dye solution 
was replaced with HBSS, and the cells imaged. 

For the cytotoxicity experiment, the CMOS HD-EP chip was con-
nected to the control setup and the culture medium replaced with a 
solution of Propidium Iodide (PI, Molecular Probes) dissolved at a 
concentration of 100 μg/ml in HBSS. The electroporation sequence was 
triggered after two minutes of incubation, and the cells were incubated 
for 10 min with PI. Then, the apoptosis and cell death indicator YO- 
PRO™-1 Iodide (YO-PRO-1, Invitrogen) was added to the solution to 
reach 1 μM, and the nuclear stain Hoechst 34580 (BD Pharmingen) was 
added for a final concentration of 2 μg/ml. The cells were incubated with 
the dyes for 30 min and imaged. 

For the transfection experiments, mRNA encoding the fluorescent 
protein mCherry (CleanCap® mCherry mRNA (5moU), Trilink 
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Biotechnologies) was diluted in HBSS at a concentration of 50 μg/ml. 
The culture medium in the insert was first removed, and the active area 
of the CMOS HD-EP chip was gently rinsed once with 250 μl HBSS. Then, 
50 μl of mRNA solution was applied to the cells and incubated for two 
minutes before the electroporation protocol was started, and for two 
more minutes after the end of the electroporation sequence. The nucleic 
acid solution was then removed from the insert and replaced with 250 μl 
of culture medium. The chip was put back in the cell culture incubator 
until further imaging of fluorescent protein expression. The cells were 
then imaged at multiple time points after transfection. 

4.6. Fluorescence imaging and image analysis 

Before imaging, the culture insert was covered with a glass coverslip. 
All the fluorescence microscopy was performed with a Zeiss Laser 
Scanning Microscope 780 confocal microscope and an EC “Plan-Neo-
fluar” 10×/0.30 objective. The images were acquired sequentially. 
Fluorescein dextrans were imaged with standard GFP filter sets and 
excited with 488 nm light source. SYTO 61 was excited with 633 nm 
laser and imaged with a standard Cy5 filter. Hoechst 34580 was illu-
minated with a 405 nm light source and imaged with a custom filter set 
accepting light between 410 nm and 490 nm. The image processing and 
the extraction of cell fluorescence intensities were performed with FiJi 
[30] and Stardist [31]. The detailed workflow is presented in the Sup-
plementary Material. 

4.7. Data analysis of efficiency of electroporation 

For each experimental run, the average fluorescence intensity of the 
cells after electroporation was measured and reported in JMP®. The 
fluorescence value for runs in which no fluorescent cell could be 
detected was set as 0. At first, the relationship between each data point yi 
(the average cellular fluorescence intensity after electroporation) and 
the electroporation parameters xj was assumed to follow the equation 

yi = β0 +
∑n

j=1
βjxji +

∑n− 1

k=1

∑n

j=k+1
βkjxkixji +

∑n

j=1
βjjx

2
ji + bι + eι 

In which a response yi is modelled as the sum of a constant β0, the 
main effects xj and a blocking factor bι,all two term interactions xkxj, all 
quadratic terms xj

2,and an error ei. βj, βkj and βjj are regression co-
efficients. This full model thus contains 21 terms: an intercept, a 
blocking factor, 5 main effects, 4 quadratic effects and 10 interactions. 

Using JMP’s “fit model” function, a backward, stepwise regression 
was performed to find the significant terms within the 21-term model 
evaluated in the DoE. The term selection rules were set as “Combine”. 
Both minimum Bayesian Information Criterion (BIC) and minimum 
corrected Akaike Information Criterion (AICc) were used as a stopping 
rule. The coefficient of determination (R2) adjusted coefficient of 
determination (aR2) and the predicted residual error sum of squares 
(PRESS) were evaluated to find the better of the two models. 

4.8. Validation of the JMP model 

As a way of validating the resulting BIC model, three sets of elec-
troporation parameters were generated, designed to produce specific 
fluorescence intensities within a cell after intracellular FD10 delivery 
through electroporation on our HD-EP chip. The prediction profiler 
function was used to define three electroporation parameter sets, 
designed to obtain cells with a fluorescence intensity of 5000 A.U., 
10,000 A.U. and 15,000 A.U. Those electroporation conditions were 
tested in a validation dextran delivery experiment using the same pro-
tocol as for the screening experiment. 

4.9. Data analysis of cytotoxicity of electroporation 

For each experimental run, PI positive cells and YO-PRO1 positive 
cells were manually counted. Cell survival was quantified as the ratio of 
dead or dying cells to electroporated cells, and the nuclear stain H34580 
was used to facilitate counting cells touching each other. Survival was 
calculated as Survival = 1 - (#YO-PRO1 cells / #PI cells). As for the 
dextran delivery experiments, two regression models were generated in 
JMP using a backward stepwise regression minimizing either the BIC or 
the AICc. In addition to R,2 aR2 and PRESS, the physical relevance of the 
two models was used to decide which one was better. 

4.10. Finding optimal electroporation parameters 

After fitting two different models to the dextran delivery data and the 
cell survival data, the prediction formulas of those models were im-
ported into JMP’s profiler tool. Both outcomes were set as equally 
important but, to put a larger emphasis on cell survival, the associated 
desirability was set as 0 for a Survival of 0.5, desirability of 0.5 for a 
Survival of 0.75, and a desirability of 1 for a Survival of 1. The desir-
ability function associated to dextran delivery was not modified. Before 
searching for the optimal parameters, the electrode size was locked at 
45.5 μm2, which was the closest size available to the optimal electrode 
found by the dextran delivery model. It should be noted that the elec-
troporation conditions that can be obtained this way are not unique and 
running the maximization multiple times can lead to different optimal 
conditions. 

Data availability 

DoE table with fluorescence and cell viability data, and regression 
models available in the supplementary materials. 
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