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Multiplexed high-throughput localized electroporation 
workflow with deep learning–based analysis  
for cell engineering
Cesar A. Patino1†, Nibir Pathak1,2†, Prithvijit Mukherjee1,2†, So Hyun Park3,  
Gang Bao3, Horacio D. Espinosa1,2*

Manipulation of cells for applications such as biomanufacturing and cell-based therapeutics involves introducing 
biomolecular cargoes into cells. However, successful delivery is a function of multiple experimental factors requiring 
several rounds of optimization. Here, we present a high-throughput multiwell-format localized electroporation 
device (LEPD) assisted by deep learning image analysis that enables quick optimization of experimental factors for 
efficient delivery. We showcase the versatility of the LEPD platform by successfully delivering biomolecules into 
different types of adherent and suspension cells. We also demonstrate multicargo delivery with tight dosage dis-
tribution and precise ratiometric control. Furthermore, we used the platform to achieve functional gene knockdown 
in human induced pluripotent stem cells and used the deep learning framework to analyze protein expression 
along with changes in cell morphology. Overall, we present a workflow that enables combinatorial experiments 
and rapid analysis for the optimization of intracellular delivery protocols required for genetic manipulation.

INTRODUCTION
Recent advances in micro/nanotechnology, molecular biology, and 
data analysis methods have facilitated the manipulation and analysis 
of individual cells at high throughput (1–3). These developments 
have enabled the precise engineering of cell phenotype for funda-
mental biological studies and therapeutic applications. Cellular 
engineering and analysis workflows typically involve the delivery of 
foreign cargo (e.g., plasmid DNA, Cas9, and RNAs) into cells for 
the manipulation of their genotype and phenotype. Common 
methods of delivery include viral particles, chemical carriers, and 
bulk electroporation, with each method having its own advantages 
and disadvantages depending on the application of interest (4, 5). 
For instance, chemical carriers such as Lipofectamine are suitable 
for adherent cell types but do not perform well for suspension cells, 
especially those having low endocytic capacity (6). Moreover, they 
may lead to toxicity in certain cell types (7). Bulk electroporation 
provides high delivery and transfection efficiencies for a range of 
different cell types but can be limited by poor efficiency and viabil-
ity for sensitive cells such as human induced pluripotent stem cells 
(hiPSCs) or T cells (8, 9). In addition, recent reports have shown 
that bulk electroporation can impair downstream gene expres-
sion and the functioning of these sensitive cell types (10, 11). Viral 
methods are often preferred in the case of hard-to-transfect post-
mitotic cells such as neurons (12) and for transfecting pooled vec-
tor libraries (RNA interference, CRISPRi, etc.) used in screening 
studies (13) because of their extremely high efficiencies. However, 
the immunogenic response to viral particles and the random inte-
gration of viral DNA in the host genome are remaining concerns 
(14) for use in therapeutics.

Microfluidic methods for intracellular delivery offer a promising 
alternative to these traditional techniques. The most commonly used 
microfluidic methods can be broadly categorized as flow-based 
microfluidic systems, micro- and nanoprobes, and engineered nano-
substrates (15, 16). Flow-based microfluidics such as cell squeezing 
(17), flow-through electroporation (18), and other hydrodynamic 
mechanoporation systems (19–21) typically pass cells through pre-
defined channel constrictions or flow perturbations that permeabilize 
the cells, allowing for molecular cargo to enter. These systems are 
attractive because of their low cost, simplicity of operation, and high 
throughputs. However, the geometric design of flow-based systems 
must be adjusted for cells of different sizes and may lead to incon-
sistent performance in the case of cells with a large size distribution or 
high aspect ratios (22). Because of these factors, flow-based methods 
provide less control over delivery as compared to some other methods. 
In addition, some of these systems may suffer from biofouling or 
clogging issues. On the other hand, micro- and nanoprobe-based 
methods use micro/nanopipettes (23–26) or hollow atomic force 
microscopy tips (such as the nanofountain probe and fluidic force 
microscopy) (27, 28) for precisely controlled delivery into cells with 
subcellular resolution. The major drawbacks of these systems are their 
serial approach that limits throughput. These systems are preferred 
when an application requires selective delivery within a heterogeneous 
cell population such as for cell-cell communication studies (29). The 
third category of microfluidic systems, engineered nanosubstrates, 
uses arrays of high–aspect ratio nanostructures such as nanochannels 
(30–32), nanostraws (33, 34), and nanoneedles (35, 36) to either 
directly penetrate the cell membrane or, in some cases, apply a 
localized electric field (a process called localized electroporation) to 
open pores in confined regions of the cell membrane for cargo de-
livery with minimum cell perturbation. Compared to the other two 
categories, engineered nanosubstrates provide a balance of the re-
quired attributes. For example, they are less sensitive to the molec-
ular cargo and cell type in use and can be operated at moderate to 
high throughputs (15). Moreover, nanosubstrates using localized 
electroporation have been used for nondestructive temporal analysis 
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of intracellular contents (37–40). As a result, they are appealing 
tools for in vitro/ex vivo intracellular delivery and cell analysis 
applications. Nevertheless, because of complex fabrication proce-
dures and poor scalability in some cases, these methods are not yet 
widely adopted for cellular engineering and analysis.

We have previously demonstrated the microfluidic localized 
electroporation device (LEPD) that uses track-etched polycarbonate 
(PC) membranes with nanochannels for intracellular delivery and 
sampling-based temporal analysis (31, 37, 39). The major advantage 
of the LEPD over the other nanosubstrate-based methods is its easy 
and cost-effective assembly procedure. In addition, the use of opti-
cally clear and biocompatible PC membranes enables delivery, long- 
term culture, imaging, and tracking of cells on chip. This ability 
to deliver molecules into cells in their native adherent condition is 
especially desirable for sensitive cell types such as hiPSCs that are 
prone to dissociation-induced stress and death (41). Despite the ad-
vantages, the extensive optimization required for hard-to-transfect 
cells necessitates combinatorial experiments with automated readout 
that can minimize the consumption of time and resources.

Here, we develop a multiwell plate–format LEPD that enables 
multiple combinatorial experiments in parallel. We combine the 
high-throughput LEPD with automated imaging followed by artificial 
intelligence (AI)–based image segmentation and analysis to rapidly 
optimize molecular delivery and transfection conditions for a wide 
range of adherent and suspension cell types. The AI pipeline enables 
automated quantification of delivery/transfection efficiency and aids 
in analyzing critical cell morphological features to identify conditions 
that lead to high delivery efficiency while also preserving cell health 
and viability. Furthermore, the multiwell plate format facilitates easy 
integration into biological workflows involving downstream imag-
ing, collection, and processing of cells. Using this system, we were 
able to attain high transfection efficiency (40 to 85%) for a variety of 
immortalized cell lines and primary/stem cells while maintaining 
high cell viability (82 to 95%). We also demonstrate that the LEPD 

concept is scalable to multiple well plate formats and can be tuned 
depending on whether the application demands few conditions with 
higher throughput or optimization of multiple conditions over a 
wide parametric space. We also show that the LEPD performance is 
comparable or superior to commercially available carrier-based and 
bulk electroporation intracellular delivery systems. Last, we demon-
strate the potential of the LEPD to achieve functional gene knock-
down in hiPSCs and analyze the subsequent changes in protein 
expression and cellular morphology.

RESULTS
Multiwell plate LEPD design
The ability to apply various electrical pulse conditions in parallel 
across multiple devices is the central functionality of the multiwell 
plate LEPD design. In this manner, electroporation protocols can be 
rapidly and systematically optimized to deliver molecular cargoes of 
interest into different cell types with a high degree of control. An 
individual LEPD consists of a glass cell culture well bonded to a PC 
track-etched membrane where cells, adherent or suspended, are plated 
and permeabilized upon application of electric pulses (Fig. 1, D and E). 
The applied electric field is localized at the interface between the cell 
membrane and the nanochannels, leading to the formation of tran-
sient pores in a small area of the cell membrane, which results in a 
gentle and reversible membrane permeabilization mechanism (32, 37). 
To apply the electrical stimulation, the LEPD is placed between two 
electrodes: a bottom electrode interfacing with the delivery cargo 
underneath the PC membrane and a top electrode that is immersed 
in the electroporation buffer (EP buffer). To parallelize this setup, a 
printed circuit board (PCB) patterned with gold-plated pads is aligned 
and bonded to a bottomless multiwell plate (Fig. 1, A to C), which 
together comprise the bottom electrode assembly. Similarly, the top 
electrode assembly consists of a PCB that contains a pattern of 
plated through-holes where gold-plated electrodes are inserted 

Fig. 1. Concept schematic. (A) Exploded-view computer-aided design (CAD) diagram of the multiwell LEPD design consisting of the following components from top to 
bottom: PCB board with push-fit electrodes, spacer plate, LEPDs, bottomless well plate, and PCB board with electrode pads. (B) Cross-sectional view of the assembled 
LEPD system. (C) Photograph of the assembled 24-well LEPD system. LEPDs inserted in the right half of the multiwell plate. (D) Photograph of an individual LEPD placed 
between the bottom pad electrode and the top stub electrode. (E) Conceptual illustration of localized electroporation–induced delivery into adherent or suspended cells 
using LEPD.
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using push-fit receptacles. To complete the assembly before electro-
poration, 4-l droplets of the delivery reagent followed by the 
LEPDs are placed on top of the bottom electrode pads, then the top 
electrode assembly, which fits tightly on top of the multiwell plate, 
is placed to ensure precise alignment and facile assembly. The top 
and bottom PCBs are connected to a function generator that can be 
programmed to apply electric pulses of various shapes (e.g., square, 
bilevel, and exponential), voltage amplitudes, pulse durations, pulse 
numbers, and frequencies. Each row of the multiwell LEPD array 
can be independently addressed, which enables the application of 
multiple pulse conditions across devices in one experiment. For 
example, one optimization protocol may involve the application of 
multiple voltage conditions across rows to deliver molecular cargoes 
with varying concentrations across the columns. The multiwell LEPD 
platform facilitates and expedites the optimization of molecular 
delivery protocols, which is a necessary step to achieve the desired 
performance (e.g., efficiency and viability) for a given cell engineer-
ing application. Moreover, the LEPDs with the biocompatible and 
transparent substrates facilitate long-term cell culture and imaging, 
which makes the multiwell LEPD system ideally suited for medium- 
to high-throughput experiments and subsequent data acquisition. 
Therefore, once a particular delivery protocol is optimized, the 
multiwell LEPD can be used to process hundreds of thousands of cells 
at a time, which substantially increases the throughput of substrate- 
based electroporation platforms.

Automated image analysis workflow
To extract morphology and intensity information from individual 
cells in each LEPD following the multiwell delivery experiments, we 
developed an automated imaging and analysis workflow. The workflow 

(Fig. 2A) involves transferring the LEPDs to a transparent well plate 
after electroporation, imaging each well using a microscope equipped 
with a motorized stage, segmenting the cells in each image using 
an AI detection pipeline, and extracting shape and intensity fea-
tures from each cell for analysis using statistical tools. A fully con-
volutional network (FCN) architecture (42) was implemented and 
trained to segment individual cells or nuclei in fluorescent or 
phase-contrast micrographs. The FCN contains 20 hidden layers 
arranged in an encoder-decoder scheme (43, 44) (Fig. 2B) that out-
puts a multiclass probability used to classify each pixel in the image 
into three classes (interior, boundary, or exterior). Once the cell or 
nuclei objects are identified in each image, they are passed through 
a feature extraction pipeline [CellProfiler (45)] that can measure 
various intensity, shape, texture, and environment features (see 
examples in table S1). Each feature was transformed using the gen-
eralized log (glog) method (46) and normalized using robust z score 
(R.Z. score) standardization to enable comparison of features using 
the same scale. To reduce the number of features and improve the 
interpretability of the data, a feature selection method was used 
in which highly correlated features were iteratively removed (47). 
Furthermore, a dimension reduction method, uniform manifold 
approximation and projection (UMAP) (48), was used to visualize 
the high-dimensional data on a corresponding two-dimensional 
(2D) projection. This workflow was used to calculate performance 
metrics such as delivery/transfection efficiency and viability, in ad-
dition to other metrics related to cell morphology (e.g., area, circu-
larity, and eccentricity), and analyze their relationships. As a result, 
the automated image analysis pipeline enabled the correlation of 
experimental inputs to the phenotypic outputs across devices in the 
multiwell LEPD.

Fig. 2. Image analysis workflow. (A) Experimental and analysis workflow of the multiwell LEPD system consists of the following steps (from left to right): combinatorial 
delivery experiments, automated imaging of each well, cell and nuclei identification using deep learning algorithms, extraction of cellular features (morphology, sub-
cellular localization, and dynamics), and feature postprocessing and correlation analysis. (B) Architecture of FCN used to segment the cells and nuclei in an image. Input 
image is passed through 20 hidden layers consisting of convolution, downsampling, upsampling, concatenation, and up-convolution operations that result in a three-
class (exterior, interior, and border) probability map for each pixel in the image. Layers are color-coded on the basis of changes in dimensions (height and width) down 
and up the encoder and decoder portions of the network, respectively. The thickness of each layer line is proportional to the width of the layer. For a 520 × 696 grayscale 
image, there are 7,787,523 trainable parameters in the network.
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Device architecture optimization
The performance of the LEPD system is dictated by the design of 
the system and the experimental inputs. However, to obtain mean-
ingful outputs from the experimental inputs, the uniformity of elec-
troporation within devices and between the rows and columns of 
the multiwell array must be characterized and optimized to mini-
mize variability.

To characterize the intradevice cell-to-cell electroporation vari-
ability, we stained cells with calcein AM and applied a series of electric 
pulses to permeate the cells and extract the intracellular fluorescent 
calcein from the cells while imaging the process in real time. An 
indium tin oxide substrate was substituted in place of the bottom 

PCB for these experiments to enable real-time imaging. The fluores-
cent calcein was depleted from electroporated cells in both adherent 
(HeLa; Fig. 3A) and suspended cells (K562; fig. S1A), as shown in 
the series of micrographs acquired during the application of the 
pulses. The dynamics of this process (Fig. 3B and fig. S1B) reveal 
cell-to-cell variability in total calcein depletion and rate of depletion 
for both adherent and suspended cells. The rate of depletion time 
constant, , was calculated by fitting an exponential function to the 
temporal normalized intensity loss data. Furthermore, a photo-
bleaching correction factor was calculated from control experiments 
where cells were unperturbed and imaged to improve the fitting and 
correct for photobleaching. To investigate whether the morphology 

Fig. 3. System characterization and optimization. (A) Fluorescence micrographs of calcein AM–stained HeLa cells acquired during electroporation. Horizontal axis 
labels the indicated time (seconds). Images shown represent a subset region (50 × 50 pixels) of the acquired micrograph (2560 × 2160 pixels) with cells numbered in the 
first image (ncells = 9). Scale bar, 20 m. (B) Line plot of fluorescence intensity normalized by the initial intensity versus time of each cell numbered in (A). (C) UMAP projections 
of high-dimensional calcein sampling dataset containing intensity (t = 0 s), shape (t = 0 s), and experimental measurements (t = 0 to 200 s) from each cell (ncell = 4390). All 
features were standardized using the R.Z. score method as illustrated by the color map of selected features. (D) Fluorescence micrograph (2560 × 2160 pixels) of the 
calcein AM–stained cells plated in an LEPD before (t = 0 s) and after electroporation (t = 200 s). Scale bars, 1 mm. (E) Spatial heatmaps of the normalized intensity loss and 
time constant (), calculated from the exponential function I = I0 (1 − c) × e−t/ + c of cells in (D). (F) Kernel density plots of the distribution of normalized intensity loss and 
 for two top electrode geometries: straight pin and nail-head stub.
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of the cells plays a factor in the intradevice electroporation variability, 
the AI imaging and analysis pipeline was used to identify the cells in 
the images and extract their corresponding shape features. A Pearson 
correlation heatmap in fig. S2 reveals highly correlated shape and 
intensity features that were iteratively removed to simplify the anal-
ysis. The remaining features were projected on a 2D scatterplot (see 
Fig. 3C) using the UMAP dimension reduction technique. The di-
vergent color map of each UMAP scatterplot was used to illustrate 
the standardized R.Z. score of selected shape features in addition to 
the experimental outputs  and normalized calcein loss for visual 
comparison. Upon inspection, it is evident that cells with higher 
depletion magnitude and faster depletion rates tend to be larger and 
more spread out (e.g., area and eccentricity). Conversely, circular cells 
with higher initial intensities do not deplete as much or as fast. Cells 
that are more spread out are likely better adhered on the substrate 
as compared to cells with more rounded morphology. Therefore, 
the degree of adhesion possibly affects membrane permeabilization, 
which is consistent with theoretical electroporation models and 
experimental reports (37). Viability was measured to be around 
90.89% 24 hours after electroporation using propidium iodide (PI) 
assay, which indicates that the calcein depletion in about 90% of the 
cells was due to reversible permeabilization. In the case of suspended 
cells, in which the cells are centrifuged before electroporation, the 
dynamics of calcein depletion are more sporadic (fig. S1, A and B). 
The mean fluorescence intensity (MFI) obtained after electropora-
tion correlates with the SD of intensity from phase-contrast micro-
graphs obtained for the same field of view (fig. S1, C and D). We 
hypothesize that the cells with lower intensity variability in phase 
contrast are flatter and therefore in better contact with the nano-
channel substrate, which may result in higher calcein extraction 
(i.e., lower final fluorescence intensity).

Next, we examined the effects of the top electrode geometry on 
the intradevice spatial variability of calcein depletion within LEPDs 
by using two different top electrode geometries: straight pin and 
nail-head pin (stub). Micrographs obtained at the beginning and end 
of the pulse application reveal that calcein was depleted for both the 
stub (Fig. 3D) and pin geometries compared to a control device 
where no pulses were applied (fig. S3, B and C). Spatial heatmaps 
(Fig. 3E and fig. S3D) were used to visualize the spatial variability of 
 and normalized intensity loss due to calcein depletion for the stub 
electrode, pin electrode, and control LEPDs. The stub geometry re-
sulted in a more spatially uniform calcein depletion throughout the 
device compared to the pin as observed from the spatial heatmaps. 
Moreover, the amount and rate of calcein loss were also greater 
for the case of the stub as seen from the kernel density distribution 
plots (Fig. 3F) and bar plots (fig. S3, E and F). The calcein depletion 
from the control device caused by photobleaching was significantly 
less (P < 0.00001) than that of electroporated LEPDs (fig. S3E). We 
hypothesized that the spatial variation in the electric field produced 
by the two electrode geometries resulted in the difference in unifor-
mity of calcein depletion observed in our experiments. To that end, 
we determined the spatial locations of the pin and stub electrodes 
before the experiments using phase- contrast imaging (fig. S3A) and 
mapped to the corresponding fluorescent micrographs and heat-
maps (fig. S3, B to D). The resulting images show that for the pin 
electrode, higher calcein depletion occurred near the electrode 
center compared to regions away from the center, while we observed 
a more uniform depletion over a greater area for the electrode 
with the stub geometry. These results affirm the hypothesis that the 

electric field distribution in the LEPD is a function of the electrode 
geometry. To further study the electric field distribution within an 
LEPD with both top electrode geometries, we carried out a multi-
physics simulation (fig. S4), which modeled a single LEPD contain-
ing the electrodes, a layer of cells, and delivery cargo. Results from 
the multiphysics simulations of the two geometries reveal that the 
localized transmembrane potential is higher for the stub geometry 
compared to the pin geometry (fig. S5) for the same applied voltage, 
which is consistent with the higher depletion observed with the stub 
geometry in the experiments. Moreover, the change in transmem-
brane voltage along the radial direction is slightly more pronounced 
for the pin geometry, which could lead to spatial nonuniformities as 
observed in the experiments. In lieu of the experimental and simu-
lation results, the stub geometry was used for all subsequent electro-
poration experiments.

For assessing interdevice variability across the multiwell plate 
for intracellular delivery, a fluorescently labeled DNA oligonucleotide 
was delivered into HeLa cells in 12 LEPDs (fig. S6A) arranged in a 
3 × 4 array within the LEPD well plate system using the same 
electroporation pulse conditions (V = 20 V, frequency = 10 Hz, 
Npulses = 400). Following electroporation, the cells in all devices were 
stained with Hoechst dye to demarcate the locations of the nuclei 
and to calculate the delivery efficiency of the DNA oligonucleotide. 
The oligonucleotide was delivered in all devices with efficiencies 
above 90%. To visualize spatial effects across the plate, the stan-
dardized mean intensity and signal-to-noise ratio (SNR) were ob-
tained for each LEPD in the multiwell plate (fig. S6B). To calculate 
the statistical variability across rows and columns, a two-way analysis 
of variance (ANOVA) test was implemented (fig. S6C). The ANOVA 
results show that there is no significant variability in the SNR across 
the rows and columns and the combination of the two (P > 0.05; 
fig. S6). The uniformity of delivery across the multiwell LEPD is an 
essential performance criterion for high-throughput experiments 
to draw meaningful conclusions from the experimental inputs. Fur-
thermore, to characterize the scalability of the LEPDs for functional 
biomolecular delivery, a green fluorescent protein (GFP)–encoding 
plasmid was delivered in LEPD wells of various sizes ranging from 
2 to 6 mm in diameter. Fluorescent micrographs obtained 24 hours 
after electroporation (fig. S7) show successful delivery for all LEPD 
well sizes. The scalability of the multiwell LEPD provides flexibility 
when it comes to tailoring the experimental design for either opti-
mization (e.g., more conditions with smaller devices) or high- 
throughput (e.g., less conditions with larger devices) applications.

Electroporation optimization
In addition to the device architecture, the efficiency of the LEPD, 
similar to any electroporation system, depends on many experi-
mental factors ranging from different pulse parameters to buffer 
types and concentration of delivery cargo. For any specific applica-
tion, it is desirable to optimize the various experimental conditions. 
The multiplexed format of the current system allows for quick opti-
mization by varying two experimental factors over their respective 
ranges along both the axes of the well plate. We first show the vari-
ation of the transfection efficiency of a GFP plasmid delivered into 
human embryonic kidney (HEK) 293T cells for a range of pulse 
voltages under two different buffer conditions (Fig. 4A). Along one 
axis, we varied the voltage from 10 to 40 V, while the buffer condi-
tion was varied along the other with three samples per condition. 
The transfection efficiency increases from 10 to 20 V and sharply 
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decreases thereafter for both the EP buffer and cell culture medium 
[Dulbecco’s modified Eagle’s medium (DMEM)]. Furthermore, the 
viability (fig. S8) is high from 10 to 20 V and decreases at 30 and 
40 V for both EP buffer and DMEM. From the data, it was clear that 
a voltage of 20 V with the cells incubated in the EP buffer resulted in 
the maximum transfection efficiency. Similarly, we also evaluated 
the effect of pulse duration under both buffer conditions (Fig. 4B). 
A pulse duration of 1.5 ms worked best when used with cells incu-
bated in the EP buffer during pulsing. Overall, the performance 
with respect to transfection efficiency is better with the cells incu-
bated in the EP buffer during pulse application as compared to having 
them in cell culture medium (DMEM). It is also known that delivery 
or transfection efficiency depends on the concentration of the delivery 
cargo. Therefore, we also evaluated the dependence of concentra-
tion on transfection efficiency for two different plasmids encoding 
for fluorescent reporter protein expression (GFP and mCherry) 
(Fig. 4C). As evident from the data, there exists an optimal concen-
tration for both the plasmids, which is 250 ng/l for the GFP and 
150 ng/l for the mCherry plasmid. The existence of an intermediate 
optimal concentration is expected as too low a concentration means 
fewer molecules available for delivery, while too high a concentra-
tion can lead to DNA toxicity in cells. Consistent with this hypothesis, 
we observed a reduction in the viability from 92.30 to 79.85% be-
tween the 100 and 300 ng/l concentrations, respectively.

In addition, we also analyzed cell morphology features for all con-
ditions (24 hours after transfection) to determine whether the ex-
perimental inputs result in visible changes in cell shape. A heatmap 
of several shape features and the corresponding experimental inputs 
(Fig. 4D) illustrates these effects. Evidently, increasing the voltage 
amplitude and pulse duration results in the rounding of cells and 
reduction in the average cell area as compared to control cells. 
These effects are more amplified for the conditions using DMEM as 

compared to EP buffer. Similar results are observed by increasing 
the plasmid concentration, although to a lesser extent. These results 
indicate that pulse strength, buffer, and plasmid concentration can 
lead to alterations in the cell morphology compared to unperturbed 
cells, which may be the result of the cells’ response to the electric 
field or DNA toxicity effects. Since drastic morphological changes 
may be accompanied by undesirable downstream effects in the cells, 
the electroporation conditions that result in high efficiency while 
maintaining morphology close to that of control cells are desirable 
for most applications. Overall, this framework of optimization 
experiments and the subsequent AI-assisted image analysis demon-
strates how the multiplexed format of the 24-well plate LEPD allows 
for quick optimization of the multiple experimental factors required for 
efficient intracellular delivery while keeping undue electroporation- 
induced morphological changes to a minimum.

Cell-agnostic versatile cargo delivery
Intracellular delivery of functional molecular cargo is an essential 
step in fundamental biological research and in clinical applications. 
The type of molecular cargo used could range from various kinds of 
nucleic acids such as plasmid DNA, oligonucleotides, and small 
interfering RNA (siRNA) to protein complexes such as Cas9 ribo-
nucleoproteins (RNPs). After optimizing the device architecture and 
electroporation protocols, we tested the performance of the LEPD 
system for intracellular delivery in a range of different cell types. For 
arriving at the optimal electroporation conditions (pulse voltage, 
duration, plasmid concentration, etc.) for molecular cargo delivery 
into a cell type, we followed the optimization workflow presented 
in the previous section. Furthermore, we compared efficiencies 
of transfection and viability to two well-established techniques, 
lipid-vesicle carriers and bulk electroporation, which are commer-
cially available.

Fig. 4. Optimization of electroporation conditions. (A) Variation of transfection efficiency with pulse voltage for HEK 293T cells electroporated in cell culture media 
(DMEM) and EP buffer using LEPD. (B) Variation of transfection efficiency with pulse duration for HEK 293T cells electroporated in DMEM and EP buffer using LEPD. 
(C) Variation of transfection efficiency with plasmid concentration for HEK 293T cells transfected with pmax GFP– and mCherry-encoding plasmids using LEPD. All error 
bars indicate the SEM of triplicate samples, ncell > 100 per sample for all bar plots. All transfection efficiencies are normalized with respect to the highest value of efficiency 
in each plot. The highest efficiencies for plots in (A) to (C) are 71.6, 63.6, and 47.7%, respectively. (D) Heatmap of standardized (R.Z. score) extracted features (vertical axis) 
from experimental inputs (horizontal axis).
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To evaluate the delivery efficiency of the multiwell LEPD, we 
first delivered a fluorescently labeled DNA oligonucleotide in both 
adherent and suspended cell lines as well as in hard-to-transfect human 
primary and stem cells (fig. S9). Oligonucleotides are known to spe-
cifically bind to intracellular target molecules and have been used 
for targeted therapy by processes such as selective mRNA degrada-
tion and blocking of transcription factors (49–51). We found that the 
efficiencies of oligonucleotide delivery with the LEPD ranged from 
78% to more than 90% for all the investigated cell types (fig. S9G).

Plasmid DNA is one of the most widely used nonviral vectors for 
introducing functional genetic modifications in cells. For instance, 
plasmids that encode Cas9 have been used in the CRISPR system 
aimed toward reprogramming of T cells for enhanced cytotoxicity 
against PD-L1–expressing tumor cells (52). Plasmid DNAs carrying 
Cas9, guide RNA (gRNA), and donor templates have also been used 
to introduce point mutations in patient-derived iPSCs (53). In com-
parison to RNA and viral vectors, plasmids are also easier and cheaper 
to produce and have a longer shelf life. Therefore, to evaluate the 
introduction of large functional biomolecules into different cell types 
using the LEPD, we first delivered a plasmid (pmax GFP) into 
two adherent cell lines [HeLa (Fig. 5A) and HEK 293T (fig. S10)]. 
The transfection efficiency was 83.04 and 76.76% for HeLa and 
HEK 293T cells, respectively (Fig. 5E). Furthermore, the transfection 
efficiency achieved for HeLa was significantly higher (P < 0.05) than 
that obtained using Lipofectamine 3000 (LIPO), while it was com-
parable to LIPO for the case of HEK 293T. Then, we attempted 
plasmid delivery into a model-suspended cell line (K562; Fig. 5B). 
The transfection efficiency (63.10%) for the K562 cells was signifi-
cantly higher (P < 0.001) using the LEPD than that obtained with 
LIPO-mediated transfection (22.63%) (Fig. 5E). The relatively lower 
delivery/transfection efficiency (Fig. 5E and fig. S9G) of the K562 cells 
is possibly due to them being nonadherent to the porous membrane 

substrate as opposed to adherent cells such as HeLa and HEK 293T.  
This reinforces the observation made in the preceding section where 
cells with a larger area and possibly stronger adhesion to the substrate 
lost relatively more calcein due to LEPD-mediated electroporation.

Next, we performed plasmid delivery in adherent/suspended hard- 
to-transfect and sensitive cell types such as primary human dermal 
fibroblasts (HDFs), hiPSCs, and sickle human umbilical cord–derived 
erythroid progenitors (S-HUDEP2), which is an immortalized CD34+ 
hematopoietic stem cell–derived erythroid progenitor cell line car-
rying biallelic sickle mutations in beta-globin gene (Fig. 5, C and D, 
and fig. S10) (54). These cell types have a range of applications such 
as disease modeling, cell-based therapies, and developmental or re-
generation studies (55–57). We compared the transfection efficiency 
of the LEPD for these cell types to that of a commercially available 
bulk electroporation system. The transfection efficiencies obtained 
for the LEPD-treated HDFs (73.19%) and hiPSCs (43.03%) were 
significantly higher (P < 0.05) than those obtained in the case of bulk 
electroporation. There was no significant difference in transfection 
efficiencies between the two methods in the case of the S-HUDEP2 
cells (Fig. 5G). As expected, the transfection efficiencies for the 
hard-to-transfect cell types were lower compared to those of the cell 
lines investigated earlier.

In addition to transfection efficiency, we also evaluated the via-
bility of all the cell types 24 hours after treatment with the LEPD 
(fig. S11). Among the continuous cell lines, the viability for the 
LEPD-treated cells ranged from 90 to 96% (Fig. 5F and fig. S11), 
while for the hard-to-transfect cell types, the viability was around 
85 to 90%. The viabilities observed for the hard-to-transfect cells were 
significantly higher (P < 0.05) than those obtained for the same cells 
treated with bulk electroporation, especially for S-HUDEP2, where 
the viability in the case of bulk electroporation was 49.14% compared 
to 89.52% in the case of LEPD-treated cells (Fig. 5H and fig. S11). 

Fig. 5. Cell-agnostic versatile cargo delivery. (A to D) Representative images of successful transfection of fluorescent protein–encoding plasmids into HeLa (adherent), 
K562 (cells in suspension), primary HDFs, and human hiPSCs. hiPSCs were delivered with an mCherry-encoding plasmid, while the other cells were transfected with a 
pmax GFP–encoding plasmid. hiPSCs are pseudo-colored green. (E) Plasmid transfection efficiency of LEPD and LIPO for various continuous cell lines 24 hours after delivery. 
(F) Viability of various continuous cell lines 24 hours after treatment with LEPD and LIPO. Error bars indicate SEM. (G) Plasmid transfection efficiency of LEPD and bulk 
electroporation (bulk EP) for various hard-to-transfect cell types 24 hours after delivery. (H) Viability of various hard-to-transfect cell types 24 hours after treatment with 
LEPD and bulk electroporation (bulk EP). All error bars indicate the SEM of triplicate samples, ncell > 100 per sample for all bar plots. *P < 0.05, **P < 0.01, and ***P < 0.001. 
Scale bars, 100 m.
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Moreover, we also observed that in the bulk electroporation protocol, 
there is a significant loss of cells. For instance, in the case of HDFs, 
we counted the number of adhered live cells 24 hours after electro-
poration for bulk-electroporated and LEPD-treated samples. We 
compared the cell numbers for each condition to their respective 
control samples, which were seeded at the same density as the pro-
cessed cells. We found that in the case of bulk electroporation, the 
samples had 60% fewer cells (P < 0.001) as compared to the control 
(fig. S12). We did not observe any such cell loss in the LEPD samples 
when compared to nonelectroporated controls. This cell loss in bulk 
electroporation can be attributed to cell death owing to the high 
electric fields experienced by the cells in the bulk electroporation 
system. This observation suggests that the LEPD may provide an 
advantage over bulk electroporation in clinical studies where patient- 
derived cells are used, which could be rare, hard to obtain, and cannot 
be propagated indefinitely. Overall, our results indicate that the 

LEPD can be used for delivering small biomolecules such as oligo-
nucleotides to large biomolecular cargo such as plasmids into a va-
riety of cell types while preserving cell viability.

Delivery precision and controlled multicargo delivery
In addition to cell-agnostic cargo delivery, precise control over the 
cargo amount delivered is also essential in many biological protocols 
for applications ranging from gene editing to cellular reprogramming 
(58, 59). Here, we investigated the precise control over plasmid 
transfection–mediated protein expression enabled by the LEPD 
system and compared its performance to that of LIPO. A plasmid 
encoding for the expression of GFP was delivered using both the 
LEPD and LIPO into HeLa and K562 cells. A comparison of the 
two transfection methods based on the distributions of the normal-
ized fluorescence intensities of the expressed GFP in both HeLa and 
K562 cells is shown in Fig. 6 (A and B, respectively). The variance of 

Fig. 6. Delivery precision and controlled multicargo delivery. (A and B) Distribution of normalized fluorescence intensities of GFP-expressing HeLa (A) and K562 (B) 
cells 24 hours after GFP plasmid transfection, LEPD (red), and LIPO (blue) (ncell > 200 per condition). (C) Scatterplot: Normalized log fluorescence intensities of mCherry 
(mCh) and eGFP in HEK 293T cells cotransfected with a 1:1 concentration ratio of mCh and eGFP plasmids (ncell > 200 per condition), data fitted to y = mx + c.   R LEPD  2    = 0.96,  
R LIPO  2    = 0.68,  m  LEPD   = 0.95,  m  LIPO   = 0.63 . (D) Intensity ratio (eGFP:mCh) in HEK 293T cells cotransfected with plasmid mixtures of different concentration ratios. ncell > 50, 
error bars represent SEM for triplicate samples. (E) Representative images of the 1:1 case from (D). Scale bars, 20 m. (F) Representative images of the 1:10 and 10:1 LEPD 
cases from (D). Scale bars, 100 m. (G) siRNA knockdown of eGFP in HeLa cells transfected with eGFP plasmid. Fraction of eGFP-expressing cells was obtained by normalizing 
with respect to negative (neg) control. (H) Morphology features relative to control unperturbed cells. Features were standardized using R.Z. score. (I) Representative flu-
orescent micrographs of plasmid and siRNA codelivery using LEPD and LIPO, respectively. Scale bars, 50 m. a.u., arbitrary units.
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the normalized intensity of GFP in LIPO-transfected cells was 
significantly higher (Levene’s test, P < 10−5) than that of the cells 
transfected via the LEPD. Similarly, data corresponding to the dis-
tribution of fluorescence intensity for other cell types transfected 
using LEPD and LIPO/bulk electroporation are shown in fig. S13. 
Next, we codelivered two plasmids expressing fluorescent reporter 
proteins, eGFP and mCherry, respectively, into HEK 293T cells using 
both the LEPD and LIPO. The plasmid mixture used for delivery had 
both the plasmids in equal concentration (1:1 concentration ratio, 
200 ng/l per plasmid type). Plasmid codelivery using both the trans-
fection methods resulted in cells simultaneously expressing both 
proteins (Fig. 6E). To get an estimate of the control and precision 
of codelivery of plasmids in equal concentration, we plotted the 
normalized fluorescent intensities of ~600 cells from both the green 
(GFP) and the red channel (mCherry) (Fig. 6C). Fitting of the nor-
malized fluorescence intensity data to a linear model (y = mx + c) 
suggests that the ratio of mCherry to GFP expression is closer to 
the desired value of 1:1 for cells transfected with the LEPD system 
(red line, slope = 0.95) as compared to the cells treated with LIPO 
(blue line, slope = 0.63). Moreover, the expression ratio of mCherry 
to GFP has a tighter distribution for the LEPD-treated cells (R2 = 0.96) 
as compared to those treated with LIPO (R2 = 0.68) (Fig. 6C). In 
addition, we also demonstrated the ability to control the relative 
expression levels of the two reporter proteins by varying the rela-
tive concentrations of their plasmid vectors in the delivery buffer 
(Fig. 6, D and F). These results demonstrate that the LEPD enables 
multicargo delivery with precise control over the dosage.

Next, we tested the multiwell LEPD system for optimization of 
siRNA knockdown by codelivering an eGFP-expressing plasmid to-
gether with either a siRNA containing the eGFP sequence or a siRNA 
with a scrambled sequence as a negative control. We delivered in-
creasing concentrations of siRNA ranging from 250 to 2000 nM and 
observed substantial knockdown (>70%) of eGFP-expressing cells 
for all concentrations after 24 hours of delivery (fig. S14). Next, we 
compared the performance of LEPD to LIPO using a 500 nM con-
centration of siRNA and observed enhanced knockdown in the case 
of LEPD compared to LIPO (Fig. 6, G and I). Furthermore, we ex-
amined the morphological features of the cells after the treatment 
using the AI image analysis pipeline and compared the standardized 
features relative to unperturbed cells (Fig. 6H). These results suggest 
that the cells transfected using the LEPD were phenotypically closer 
to the controls compared to cells transfected using LIPO.

The ability to deliver multiple cargoes with precise dosage control 
can be useful in applications such as CRISPR-Cas9 system–mediated 
gene editing, wherein it has been shown that the genome modification 
efficiency and percentage of off-target effects can highly depend on 
the corresponding RNP or gRNA concentration (60, 61). Multiple 
cargo delivery can also be useful in combinatorial siRNA- or CRISPR- 
based multigene knockdown studies for the identification of signal-
ing pathway interactions and gene regulatory networks (62, 63). In 
addition to gene editing applications, the precision in intracellular 
delivery can also be important in studies involving the induction of 
hiPSCs, wherein efficient induction is shown to depend on the relative 
concentration of reprogramming factors that are introduced (58, 64). 
Thus, the multiwell LEPD system coupled with the AI-enabled auto-
mated imaging and analysis pipeline can facilitate the optimization 
of high-throughput cell perturbation protocols without disrupting 
cell phenotype, which is essential to prevent unwanted downstream 
effects that are not accounted for in the design of the experiment.

Functional gene knockdown in hiPSCs
The efficient delivery of genetic perturbation agents, such as siRNA 
molecules or CRISPR-Cas9 complexes, into clinically relevant cell 
types provides a framework for studying gene function, develop-
mental pathways, effects of drugs, and disease mechanisms. In the 
example of stem cell therapy, somatic cells obtained from patients 
can be generated into pluripotent stem cells (65), differentiated into 
a cell type of interest, and reintroduced into the patient to target a 
disease (66). Therefore, understanding the factors that affect plurip-
otency is necessary to achieve the desired therapeutic outcome. To 
demonstrate the utility of the multiwell LEPD system in this con-
text, we delivered siRNA targeting the pluripotency marker Oct4 
(also known as POU5F1) into hiPSCs and subsequently performed 
immunostaining to analyze the consequent changes in Oct4 pro-
tein expression. Oct4 has been previously reported to interact and 
regulate levels of -catenin, which are important for maintaining 
pluripotency and self-renewal (67). Fluorescent micrographs of the 
hiPSCs (see Fig. 7A) captured after immunostaining with Oct4- and 
-catenin–specific antibodies 72 hours after siRNA delivery revealed 
a significant reduction in Oct4 protein levels in cells electroporated 
with the Oct4 siRNA compared to cells electroporated with a 
scrambled-sequence siRNA (negative control). Furthermore, the 
-catenin fluorescence signal is present in both the control cells and 
the Oct4 knocked-down cells. Upon closer inspection of selected 
regions of interest (Fig. 7B), we observed differences in the intensity 
gradients of -catenin across the cells. We measured the fluorescence 
intensity of -catenin and 4′,6-diamidino-2-phenylindole (DAPI) 
for a few cells (Fig. 7C) along line segments to determine the intra-
cellular localization of -catenin. Evidently, -catenin is expressed 
in higher concentrations at the membrane of Oct4 siRNA–treated 
cells, whereas the concentration of -catenin is more uniform for 
the control cells.

To quantify the results of the Oct4/-catenin immunostaining 
for all the cells in the devices, we used the deep learning segmenta-
tion workflow to identify each cell and used the feature extraction 
pipeline to obtain hundreds of intensity and shape measurements 
for each cell. As a result, we could generate distribution profiles for 
each measurement of interest (Fig. 7D) to compare the two condi-
tions. The distribution profile of the MFI of nuclear Oct4 reveals 
that the vast majority of cells treated with the Oct4 siRNA have 
lower Oct4 expression than the controls. Specifically, 92.5% of cells 
treated with Oct4 siRNA had lower nuclear Oct4 MFI than the lower 
10th percentile of the control cells. The nuclear MFI distribution of 
-catenin is not as distinct between the two conditions, but the Oct4 
siRNA–treated cells have a relatively larger spread than the controls. 
Conversely, the membrane MFI of -catenin is higher for the Oct4 
siRNA–treated cells for most of the cells as we had observed from 
the representative line scans from Fig. 7C. Moreover, the SD of in-
tensity measured for the entire cell is higher for the Oct4 siRNA–
treated cells, which is consistent with our observation that the 
intensity gradients in the Oct4 knocked-down cells are more pro-
nounced than those in the controls. We obtained aggregate statistics 
for each device to assess statistical significance in the expression 
levels of Oct4 and -catenin for the two siRNA treatments. There is 
a statistically significant decrease (P < 0.01) in Oct4 expression in 
the Oct4 siRNA–treated cells relative to the controls (Fig. 7E), which 
shows that the LEPD-mediated siRNA delivery resulted in the effi-
cient knockdown of Oct4 in hiPSCs. Furthermore, we calculated 
the total fluorescence intensity of -catenin in the entirety of each 
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cell and found a statistically significant increase in the total -catenin 
expression in cells treated with Oct4 siRNA relative to the cells 
treated with the scrambled siRNA (Fig. 7F). This result is consistent 
with literature reports showing that -catenin protein levels increase 
with the down-regulation of Oct4, which leads to enhanced Wnt 
signaling that promotes differentiation (67). Previous studies also 
reveal that translocation of -catenin from the membrane to the 
nucleus has been attributed to the WNT signaling pathway (68). 
We quantified the ratio of nuclear intensity to membrane intensity 
of -catenin (Fig. 7G) and found the proportion of nuclear -catenin 
to be significantly higher in the controls (P < 0.05). From our results, 
we did not observe translocation of -catenin to the nucleus as a 
result of the knockdown of Oct4 alone.

Changes in intracellular molecular contents (e.g., RNA and 
protein levels) are often accompanied by changes in morphology or 
motility. To characterize the morphology of the cells treated with 
Oct4 siRNA relative to controls in our experiments, we measured 
various shape features for each cell and standardized (R.Z. score) 
each feature using the scrambled siRNA control dataset (Fig. 7H). 
In this manner, we could compare any changes in shape of the Oct4 
knocked-down cells relative to the controls. We observed an increase 

in the size measurements (e.g., perimeter and area) and a decrease 
in solidity and circularity for the Oct4 siRNA–treated cells. In 
pluripotent stem cells, morphological changes such as enlarged cell 
size and increased cytoplasmic area have been shown to be a 
characteristic of cells undergoing differentiation (69). Therefore, 
the morphological changes observed in our study could be due to 
the hiPSCs being driven away from their ground pluripotent state 
by the absence of Oct4.

DISCUSSION
In this work, we developed a multiplexed, high-throughput LEPD 
and combined it with a deep learning–based image analysis pipeline 
for rapid optimization of experimental conditions required for op-
timal intracellular delivery and transfection into a wide variety of 
cell types. We used our LEPD-AI framework to first optimize the 
device architecture with respect to the electrode geometry by exam-
ining the dynamics of calcein extraction from cells due to electropo-
ration under two different electrode geometries and by quantifying 
the respective resultant changes in cell morphology with the AI-based 
image analysis pipeline. We observed that cell morphology plays a 

Fig. 7. Delivery of Oct4 siRNA into hiPSCs. (A) Fluorescent micrographs after immunostaining with Oct4 and -catenin antibodies 72 hours after delivery of scrambled 
(scr.) and Oct4-targeting siRNA. (B) Zoomed-in view of cells in the bounding box from (A). (C) Line scan of -catenin across representative cells from (B). (D) Top left: Oct4 
intensity in the nuclear region. Top right: -Catenin intensity in the nuclear region. Bottom left: SD of intracellular -catenin intensity. Bottom right: -Catenin at the cell 
membrane. (E) Bar plot showing the relative MFI of Oct4 in the siRNA-treated cells. (F) Bar plot showing the relative total fluorescence intensity of -catenin in the 
siRNA-treated cells. For (E) and (F), data are normalized relative to the scr. case. (G) Bar plot showing the ratio of intensity of nuclear to membrane-localized -catenin. 
(H) Morphology feature comparison between the Oct4 siRNA– and scr.-treated cells, and all features were standardized using R.Z. score with respect to the scr. case. All 
error bars indicate the SEM of triplicate samples, ncell > 100 per sample for all bar plots. *P < 0.05, **P < 0.01. Scale bars, 100 m.
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key role in efficient localized electroporation, with cells that are 
likely better adhered to the substrate losing more calcein. This 
suggests that promotion of adhesion by using extracellular matrix 
proteins and enhancing cell membrane to substrate contact by cen-
trifugation or fluidic suction should improve the outcome of local-
ized electroporation.

We demonstrated that the multiwell format of the LEPD allows 
for the tuning of several experimental parameters simultaneously in 
a single experimental run, thus saving on resources and time. This 
is especially advantageous for hard-to-transfect cells that might 
require several iterations to obtain optimized conditions using 
traditional methods (8, 9). Moreover, the size of the LEPD can be 
adjusted to make it compatible with different multiwell plate archi-
tectures (ranging from 24-well plates to 384-well plates). As a result, 
different experimental designs are possible depending on whether 
several conditions need to be tested (small size with larger array) or 
higher throughput is required for each condition (large size with 
smaller array). In addition, the transparency and biocompatibility 
of the LEPD substrate allow for imaging-based assays followed by 
their analysis using our AI pipeline. This framework can potentially 
be useful for high-throughput arrayed screening studies (13, 70–72), 
where cells in each LEPD well are transfected with a different cargo 
(e.g., different siRNAs and Cas9/sgRNA RNPs) to perturb a single 
gene followed by live-cell tracking (e.g., to study morphology, pro-
liferation, and cell-cell interaction) and end-point high-content im-
aging (e.g., to look at protein expression) to analyze cell phenotype 
and identify the top genetic targets.

Using our optimized protocols, we were able to efficiently trans-
fect a wide variety of cell lines and primary/stem cells and found 
that the LEPD outperformed commercial techniques such as bulk 
electroporation and Lipofectamine in many cases. Efficient delivery 
of biomolecular cargo, such as oligonucleotides, siRNA, and plasmid 
DNA, into a variety of cell types while maintaining high viability in 
even sensitive cells, such as HDFs and hiPSCs, is especially important 
for applications involving rare patient-derived cells. Moreover, the 
versatility is important for a range of cell engineering applications 
such as biomanufacturing, disease modeling, and developing cell-
based therapeutics. Note, however, that the transfection efficiency 
was lower for the S-HUDEP2 cells compared to the other hard-to-
transfect cell types as they are cells in suspension. Future studies 
with the LEPD can be designed with optimized EP buffers (37) and 
the utilization of additional mechanical stimulation (34) to enhance 
molecular delivery and, consequently, the transfection efficiency in 
hard-to-transfect suspension cell types. We further demonstrated 
that the LEPD can deliver multiple cargoes into cells and provide 
tighter dosage control compared to some traditional methods. This 
may have potential utility in combinatorial cell perturbation studies 
where the stoichiometric ratio of the delivered reagents needs to be 
controlled to affect the biological processes. Specifically, control 
over dosage could be useful for applications such as iPSC reprogram-
ming where controlling the delivery dosage of transcription factors 
with precision is necessary. In addition, we demonstrated the capa-
bility of the LEPD platform to enable functional gene knockdown in 
a sensitive and hard-to-transfect cell type (hiPSCs) and performed 
subsequent analysis of the changes in morphological features and 
protein expression with single-cell resolution using the AI framework. 
This demonstrates the potential of the LEPD platform to be used in 
studies related to stem cell engineering or reprogramming wherein 
outcomes such as expression levels of multiple proteins, subcellular 

localization, and morphological changes are important characteristics 
to be closely monitored.

In summary, we demonstrated that the multiwell format of the 
LEPD allows for parallel optimization of multiple experimental condi-
tions, specific to a desired application, as well as modular integration 
with conventional imaging platforms such as fluorescence micros-
copy for capturing and analyzing data. Overall, the 24-well LEPD 
offers a compact and flexible cellular delivery and analysis platform 
that can be tuned toward diverse biological applications that re-
quire controlled, high-throughput, multiplexed cell manipulation 
and analysis.

MATERIALS AND METHODS
Device fabrication
The well plate LEPD PCBs were designed using an electronic auto-
mation design software (EAGLE: AutoDesk) and fabricated in a PCB 
foundry. The bottom PCB plate was bonded to a bottomless 24-well 
plate using a silicon pressure adhesive (Adhesives Research). Gold- 
coated electrodes (pins or nail-head stubs) were mounted on the top 
PCB using push-fit receptacles (MillMax). The LEPD cell culture 
devices were assembled using sterilized Pyrex glass cloning cylinders 
bonded to a track-etched PC membrane using silicon pressure adhesive.

Multiphysics simulation
We used COMSOL Multiphysics 5.2a to compute the transmembrane 
potential in the LEPD system. Simulations were performed using the 
AC/DC electric currents module. The schematic of the geometry and 
the details of the material properties and that of the pulse applied 
are specified in fig. S4 of the Supplementary Materials. The governing 
equations of the current conservation and boundary condition that 
were used are

  ∇ .( ∇ V ) + ∇ .    ∂  ∇ V  ─ ∂ t   = 0  (1)

  n . J = 0  (2)

where  is the conductivity (siemens per meter), V is the potential 
(volts),  is the permittivity of the relevant domain, n is the surface 
unit normal vector, and J (ampere per meter squared) is the electric 
flux vector. The boundary condition of Eq. 2 was used for emulating 
insulating interfaces in the system, while a nonzero electric potential 
was applied to the dipped electrode, and ground was applied to the 
bottom gold electrode (fig. S4). We modeled the cell membrane in 
Eq. 3 as a thin resistive material with an effective contact impedance

   n . J =   1 ─ d   (   +    ∂ ─ ∂ t   )    V  m     (3)

where Vm (volts) is the transmembrane potential and d is the thick-
ness of the cell membrane (meters). A physics-controlled mesh of 
COMSOL was used to discretize the entire geometry. The simulation 
was carried out for the entire duration of the pulse, and a backward 
Euler scheme was used for the time discretization.

Cell culture
Primary HDFs were procured from the American Type Culture Col-
lection (ATCC; PCS-201-012,nd cultured using fibroblast basal medium 
supplemented with a low-serum growth kit (ATCC, PCS-201-041). 
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The cells were passaged upon reaching confluency with 0.05% trypsin- 
EDTA (Life Technologies) and trypsin inhibitor solution. hiPSCs 
(ATCC, ACS-1019) were cultured in Essential 8 Medium (Thermo 
Fisher Scientific, A1517001) on Vitronectin (Thermo Fisher Scientific, 
A14700)–coated six-well plates. Media were replaced every 24 hours. 
Cells were passaged by dissociating them in 0.5 mM EDTA (Thermo 
Fisher Scientific) in phosphate-buffered saline (PBS) every 4 to 5 days 
before reaching full confluency. RevitaCell (100×) (Thermo Fisher 
Scientific, A2644501) was added at a final concentration of 1× to the 
media after every passage and transferred to RevitaCell-free media 
after 24 hours. sHUDEP-2 cells (RIKEN BioResource Center, Tsukuba 
Branch) were cultured in StemSpan Serum-Free Expansion Medium 
(STEMCELL Technology) with the following supplements: stem cell 
factor (50 ng/ml; PeproTech), erythropoietin (20 ng/ml; PeproTech), 
doxycycline (1 g/ml; Sigma-Aldrich), 1 M dexamethasone (Sigma- 
Aldrich), and penicillin-streptomycin (100 U/ml; Gibco). HeLa 
(ATCC, CCL-2) and HEK 293T (ATCC, CRL-11268) cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin. K562 cells (ATCC, CCL-243) were 
cultured in Iscove’s Modified Dulbecco’s Medium (Gibco) with 
10% FBS (Gibco) (w/v) and 1% penicillin-streptomycin (Gibco).

Cell seeding and culture in LEPDs
The nanoporous polymer membranes of the LEPDs were first coated 
with appropriate extracellular matrix protein (fibronectin for cell 
lines and fibroblasts at a concentration of 1 to 5 g/cm2; vitronectin 
for hiPSCs at a concentration of 0.1 to 1 g/cm2) and incubated for 
1 hour. The devices were left uncoated for cells in suspension. Fol-
lowing this, the devices were washed with PBS twice. For adherent 
cell types, 5000 to 20,000 cells of interest were pipetted into the 
LEPD wells in 100 l of the corresponding culture medium. The cells 
were then cultured on the polymer surface overnight in an incubator 
(at 37°C with 5% CO2) to promote cell adhesion and tight nanopore–
cell membrane contact before electroporation the next day. For sus-
pension cells, 15,000 to 40,000 cells were introduced in the LEPDs 
containing EP buffer and centrifuged at 150g for 5 min to establish 
tight cell contact with the nanopores before electroporation. After 
electroporation, the LEPD arrays were transferred to 24-well plates 
(USA Scientific) with the appropriate medium depending on the 
cell type, in an incubator, and cultured for downstream imaging 
or assays. All experiments were performed on cultures that were 
passaged less than 10 times.

General electroporation protocol for delivery and sampling
To deliver the molecular cargo of interest into cells, a 2- to 5-l 
droplet of solution containing the cargo at the desired concentration 
was pipetted at the center of each well of the 24-well plate electro-
poration system, with each well having a circular (8-mm-diameter) 
gold-coated bottom electrode. Then, an array of LEPDs with cul-
tured adherent/centrifuged suspension cells in appropriate electro-
poration media were placed over these cargo droplets. The droplets 
formed a thin film between the bottom electrode and the nanoporous 
polymer membrane of the LEPDs having the cells. Last, the lid of 
the well plate, housing the top gold-coated electrode pins/stubs, was 
placed over the LEPDs such that these electrodes were in contact 
with the buffer inside the LEPD chambers, thus forming a closed 
electrical circuit. A function generator (Agilent) connected to a 
voltage amplifier (OPA445, Texas Instruments) was used to apply 
the electroporation pulses [bilevel pulses (V1 = 10 to 50 V; t1 = 0.25 

to 1.0 ms; V2 = 10 V; t2 = 0.5 ms to 2.0 ms), 100 to 1000 pulses, 1 to 
20 Hz]. Resistance was measured for each LEPD in a well using a multi-
meter (Agilent) to ensure good electrical connection. The voltage traces 
were verified on an oscilloscope (Agilent). The pulse application, re-
sistance measurement, and voltage trace verification were controlled 
from a personal computer using a custom software written in C++.

Bulk electroporation
Bulk electroporation for various primary and stem cell types was 
carried out using the Gene Pulser XCell System (Bio-Rad) following 
the manufacturer’s protocols. Briefly, 0.2 × 106 to 1 × 106 cells were 
resuspended in 800 l of ice-cold media or EP buffer (Bio-Rad). Ad-
herent cell types were dissociated before this step using their respec-
tive dissociation reagent (0.05% trypsin with 0.2% EDTA for HDF 
cells and 0.5 mM EDTA for hiPSCs). The cell suspension was mixed 
with 20 to 40 g of the plasmid DNA prepared in TE buffer (1 g/l) 
and introduced into a 0.4-cm prechilled cuvette. The cells were elec-
troporated using recommended electroporation parameters (e.g., 
300 V and 500 F for hiPSCs). The cells were then centrifuged, 
washed with DPBS, and transferred to well plates (USA Scientific) 
in their respective prewarmed media. For hiPSCs, the well plates were 
coated with vitronectin for adhesion, and RevitaCell (Gibco) was 
added to the media (1× final concentration) to promote viability.

Lipofectamine transfection
Transfection of cell lines using Lipofectamine was carried out fol-
lowing the manufacturer’s protocols. Briefly, cells were plated in a 
96-well plate and allowed to reach a confluency of 70 to 90% before 
transfection with LIPO (Thermo Fisher Scientific). For transfecting 
cells in 1 well of a 96-well plate, 5 l of Opti-MEM (Thermo Fisher 
Scientific) was combined with 0.4 l of LIPO reagent, and 0.1 g of 
plasmid (in 5 l of Opti-MEM) was mixed with 0.2 l of P3000 
reagent. The two solutions were mixed, incubated for 10 min, and 
then added to the cell culture. Cells were incubated for 48 hours, 
after which fluorescent protein expression was examined by fluo-
rescence microscopy.

Transfection efficiency and viability assay
For estimating transfection efficiency, the cells were stained with 
Hoechst 33342 (0.1 mg/ml; Life Technologies) and then imaged using 
fluorescence microscopy. Values of transfection efficiencies were 
arrived at by dividing the number of GFP-positive cells by the total 
number of cells (estimated by Hoechst 33342 staining of nuclei) in 
the field of view. Cell viability was assayed by live-dead staining 
with PI 24 hours after intracellular delivery. Briefly, the cells were 
stained with both PI (Life Technologies) and Hoechst 33342 (Life 
Technologies) and imaged using fluorescence microscopy. The cells 
whose nuclei simultaneously expressed PI and Hoechst fluorescence 
were counted as dead. The viability was therefore calculated using 
the following expression

   Viability =  (  1 −    Cells  dead   ─  Cells  total  
   )     

DNA oligonucleotide delivery
Thirty-nucleotide-long molecules of DNA oligonucleotide 
(/5ATTO590N/AC TGG TCA CCT GGT CAT CCT GCC GTA ACT) 
were purchased from Integrated DNA Technologies and were diluted 
to 50 M in 0.1× PBS to serve as the delivery cargo. LEPD-mediated 
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delivery was done using the localized electroporation protocol 
described in the “General electroporation protocol for delivery and 
sampling” section.

siRNA delivery into hiPSCs
POU5F1 (AM16708) and negative control siRNAs (AM4611) were 
purchased from Thermo Fisher Scientific and diluted to 10 M in 
nuclease-free water to serve as the delivery cargo. Cells were seeded 
into the LEPD wells 24 hours before electroporation, and the 
siRNAs were delivered using the localized electroporation protocol 
described in the “General electroporation protocol for delivery and 
sampling” section.

Immunostaining
All primary and secondary antibodies used were purchased from 
Thermo Fisher Scientific. The staining protocol specified by the 
manufacturer-provided manual was followed. Briefly, cells were 
fixed and permeabilized, and then blocking solution was added. 
The cells were then incubated with primary antibodies for 3 hours 
at 4°C. Cells were then washed with the manufacturer-provided 
washing buffer and incubated with secondary antibodies for another 
hour. Cells were then washed again, and NucBlue Fixed Cell Stain 
(DAPI) was added into the last wash step and incubated for 5 min. 
The primary antibody for both Oct4 (catalog no. A24867) and 
-catenin (catalog no. CAT-5H10) was used at a dilution of 1:200. 
The secondary antibody for Oct4 (catalog no. A24869) was used 
at a dilution of 1:250, while the secondary antibody for -catenin 
(catalog no. A-21235) was diluted 1000 times.

Imaging
Fluorescence images were acquired on a Nikon Eclipse TE 2000 mi-
croscope equipped with an Andor Zyla 5.5 sCMOS camera. Image 
acquisition was controlled using Micro-Manager software. A custom 
Python script interfacing with Micro-Manager was used to acquire 
multichannel images from the 24-well plate–format LEPDs. The 
images of cells after intracellular delivery were acquired with an 
exposure time of 400 ms under ×4/×10/×20/×40 magnification. For 
the time-lapse imaging of the calcein depletion experiments, an image 
was acquired every second with an exposure time of 200 ms using 
the multidimensional acquisition module of Micro-Manager.

Image processing and segmentation using AI
Raw images were preprocessed using CellProfiler software (45) to 
remove background fluorescence and correct for uneven illumina-
tion. An illumination function was calculated from batches of images 
collected from each experiment and for each fluorescence channel 
independently.

To identify and segment the cells and their corresponding nuclei 
in each image, the illuminated-corrected fluorescence images were 
normalized and passed through an FCN trained to classify each pixel 
in the image into three corresponding classes (background, interior, 
and border). The FCN architecture consists of an encoder-decoder 
scheme containing 20 hidden layers. The encoder portion of the 
network consists of convolution layers (3 × 3 kernel size) connected 
with a ReLu activation function and max-pooling layers (2 × 2 kernel 
size, stride 2) for downsampling. The decoder portion of the network 
consists of up-convolution layers (2 × 2 kernel size, stride 2) for 
upsampling and concatenation of upsampled layers with downsampled 
layers from the encoder portion of the network. To classify each 

pixel into the three classes, a weighted soft-max loss function was 
used. The FCN network was trained with fluorescence images and 
corresponding annotations, labeled with GIMP image manipulation 
software, with a 5:1 training-to-validation ratio, and optimized using 
stochastic gradient descent (learning rate: 1 × 10−4) with momentum. 
Training was performed on a graphic processing unit (GPU: NVIDIA 
RTX2080), and the FCN was coded in Python using TensorFlow 
and Keras packages. The trained FCN model was optimized for in-
ference acceleration (Intel OpenVINO) and integrated into a graphic 
user interface software coded using C# (Microsoft Visual Studio).

Feature extraction and analysis
The segmented images were passed through a feature extraction 
pipeline (CellProfiler) to extract various shape and intensity measure-
ments for each individual cell or nucleus in the image. The back-
ground intensity was calculated for the surrounding region of each 
cell by expanding the segmented objects until contacting neighboring 
objects, and the lower quartile intensity of that local region was sub-
tracted from each cell. The cell and nuclei features were exported 
in .csv format and analyzed using a custom Python pipeline. The 
extracted features were glog-transformed (46) before R.Z. score stan-
dardization. The R.Z. score standardization procedure was performed 
for all transformed features for each experiment independently. 
Following standardization, a Pearson correlation matrix was con-
structed to measure the correlation across all feature pairs. Highly 
correlated features above a threshold (r2 > 0.9) were iteratively re-
moved to reduce the number of features for interpretability. A 2D 
projection of the feature space was obtained using UMAP for di-
mension reduction to visualize the extracted features.

Statistical analysis
Statistical analysis was performed using Python packages. P values 
were calculated using two-tailed Student’s t test to determine statis-
tical significance. Two-way ANOVA was used to determine the 
degree of variability for measurements acquired in different wells of 
the 24-well LEPD. Normalized data were calculated using max-min 
normalization.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn7637

View/request a protocol for this paper from Bio-protocol.
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