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Genome engineering of cells using CRISPR/Cas systems has opened new 
avenues for pharmacological screening and investigating the molecular 
mechanisms of disease. A critical step in many such studies is the intracel-
lular delivery of the gene editing machinery and the subsequent manipulation 
of cells. However, these workflows often involve processes such as bulk elec-
troporation for intracellular delivery and fluorescence activated cell sorting for 
cell isolation that can be harsh to sensitive cell types such as human-induced 
pluripotent stem cells (hiPSCs). This often leads to poor viability and low 
overall efficacy, requiring the use of large starting samples. In this work, a 
fully automated version of the nanofountain probe electroporation (NFP-E) 
system, a nanopipette-based single-cell electroporation method is presented 
that provides superior cell viability and efficiency compared to traditional 
methods. The automated system utilizes a deep convolutional network to 
identify cell locations and a cell-nanopipette contact algorithm to position the 
nanopipette over each cell for the application of electroporation pulses. The 
automated NFP-E is combined with microconfinement arrays for cell isolation 
to demonstrate a workflow that can be used for CRISPR/Cas9 gene editing 
and cell tracking with potential applications in screening studies and isogenic 
cell line generation.

1. Introduction

The development of CRISPR/Cas systems 
and human-induced pluripotent stem cell 
(hiPSC) technology over the past decade has 
ushered in a new paradigm in disease diag-
nostics, therapeutic discovery, and regen-
erative medicine.[1,2] The CRISPR/Cas9 
technology has been frequently applied 
in pooled and arrayed screening formats, 
where cells are treated with a library of 
sgRNA vectors and analyzed to identify 
genetic targets.[3] More recently, the pooled 
CRISPR/Cas9 screening method has been 
extended to combinatorial perturbations 
using multiple sgRNAs and combined 
with single cell RNA sequencing readout 
to reveal genetic interactions in diseases.[4,5] 
These new approaches have provided 
insights into the genetic background and 
variability of diseases previously unat-
tainable using observational studies like 
Genome Wide Association Studies (GWAS) 
or animal models.[1]

Additionally, with the advent of the 
hiPSC technology, it has been possible 

to use the CRISPR/Cas9 system for the generation of patient-
derived isogenic hiPSC lines. These hiPSC lines have been 
used to study the genetic basis of diseases.[6,7] Such advance-
ments have allowed for the design of disease modeling and 
drug discovery studies, where genetic targets are identified 
using high-throughput CRISPR-based screening. This is fol-
lowed by the generation of isogenic knock-out/knock-in hiPSC 
lines for further validation of the top targets.

A critical step in genome engineering and cell manipulation 
using the CRISPR/Cas9 machinery is the introduction of the 
functional Cas9 endonuclease and the sgRNAs into the cells of 
interest.[8] This is achieved either by delivering plasmid DNAs 
expressing the Cas9 protein and sgRNAs or via the direct intra-
cellular delivery of Cas9/sgRNA ribonucleoprotein complexes 
(RNPs).[8] Commonly used methods of intracellular delivery 
include viral vectors, chemical carriers, and bulk electropora-
tion (BEP).[9,10] However, major limitations of these methods 
include cytotoxicity or massive cell death in the case of sensitive 
primary and stem cells,[11,12] low efficiency for hard-to-transfect 
cell types, and unintended cellular response[13,14] which neces-
sitates extensive optimization.[9,10] Moreover, downstream 
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processes such as flow sorting for enrichment, are prone to 
contamination and is harsh on the stem cells. This leads to 
poor cell survival (20–40%) [15,16] and low overall efficacy.[17,18] In 
order to overcome some of these limitations, several microflu-
idic approaches have been pursued by researchers. One class of 
methods utilizes high aspect ratio nanostructures such as nano-
pores,[19,20] nanoneedles,[21,22] and nanostraws[23,24] to either pen-
etrate the cell membrane or electroporate the cells locally at the 
cell membrane–nanostructure interface for intracellular cargo 
delivery. These platforms have been successfully employed for 
cargo delivery into a wide variety of cell types with minimal 
perturbation including primary immune and stem cells.[25–28] 
However, these architectures usually involve complex fabrica-
tion protocols and do not provide selectivity over individual 
cells in culture. Flow-based systems represent a second class 
of methods that rely on perturbations in microfluidic flows for 
intracellular delivery. Various forms of perturbations have been 
used in microfluidic flows to permeabilize cells, such as con-
strictions or protrusions (e.g., cell squeeze),[13,29–31] secondary 
inertial flows,[32,33] and electric fields[34] to name a few. These 
platforms have been largely successful for engineering cells of 
the hematopoietic lineage with implications in immunotherapy. 
Yet, they have drawbacks such as cell size-dependent device 
design and requirement to dissociate cells which may not be 
ideal for sensitive adherent cell types that are prone to detach-
ment and dissociation-induced apoptosis.[35,36] Finally, probe-
based methods use nanopipettes or hollow atomic force micro-
scope tips for electroporation-induced or direct intracellular  
delivery. Examples of this class of methods include scan-
ning ion channel microscopy-based nanomanipulators,[37] 
the FluidFM,[38] and the nanofountain probe electroporation 
(NFP-E) system,[39] a single cell electroporation method previ-
ously developed by our group. Although, probe-based methods 
provide high selectivity and single cell resolution delivery, they 
have low throughput due to their serial approach and tedious 
manual operation steps, thus limiting their utility in cell pertur-
bation and manipulation workflows. To address this limitation, 
we present an automated NFP-E system with improved 
throughput that can be used for genetic manipulation of 
hard-to-transfect and sensitive cells. We have previously dem-
onstrated superior performance of the NFP-E over traditional 
methods in terms of cell viability, efficiency, and dosage control 
in a broad spectrum of cell types.[39–41] Here, we demonstrate 
the capability of the automated NFP-E platform to genetically 
engineer hard-to-transfect cells with minimal user intervention.

The automated NFP-E workflow involves different comple-
mentary functions that work in tandem. We sequentially dem-
onstrate these functions and their specific characteristics that 
prove advantageous for manipulating hard-to-transfect cell 
types. First, we developed and optimized a deep learning frame-
work for automated spatial localization of cells and the nano-
pipette. We integrated this framework with custom hardware 
and software for automatic cell-nanopipette contact detection[41] 
leading to localized electroporation of single cells without cell 
penetration. Moreover, we added automated calibration, posi-
tioning, and autofocus features that minimize user input. The 
automated cell identification and gentle autocontact reduces 
variability arising from manual operation and improves 
throughput (from 3 to 5 cells min−1 to 12–15 cells min−1). This 

also improves the total number of cells addressable in a single 
run (≈70 as compared to ≈20 previously). It is worth noting that 
this number is limited in the current study by the total time the 
cultures were placed outside the incubator for the NFP-E work-
flow (≈20 mins). This can be further improved by operating 
the NFP-E system in a temperature and humidity controlled 
environment and automating other aspects of the workflow 
such as cell tracking and media exchange. Once established, 
we used the automated NFP-E protocol to deliver plasmids 
and Cas9 RNPs into different hard-to-transfect cell types, for 
reporter expression and gene knockout, respectively. We show 
that this protocol efficiently delivers the exogenous cargo into 
cells (>90%), maintains high cell viability (≈90%), and allows 
for working with small starting samples. Finally, we used 
the NFP-E to demonstrate automated transfection of hiPSCs 
seeded on microconfinement arrays (micropatterns or micro-
wells) that enables Cas9-mediated gene knockout. These dem-
onstrations highlight the potential utility of the NFP-E system 
in a workflow where target genes are identified using high-
throughput CRISPR/Cas9 screens and then isogenic cell lines, 
having mutations of the target genes, are generated using the 
system automation features.

2. Results

2.1. Automated Cell Localization and Electroporation

A critical task in automating the NFP-E (Figure 1) involves the 
recognition and spatial localization of cells in the field of view, 
to enable engagement of the nanopipette to the cells of interest 
and their subsequent electroporation. To this end, we explored 
deep learning algorithms which are increasingly being used 
for visual recognition over the past few years.[42] We specifically 
investigated fully convolutional networks (FCN), that have con-
sistently outperformed traditional algorithms based on thresh-
olding and morphological operations, for classification task.[43] 
The FCN architectures are advantageous in biomedical image 
segmentation where several objects must be classified as well 
as localized within the same image.[43] These algorithms per-
form semantic segmentation (pixel wise image classification) 
and are able to accurately identify the location and boundaries 
of objects. Thus, they are well suited to the task of localizing 
cells and their nuclei. Here, we use an FCN which is a modifi-
cation of the U-Net architecture to locate the nuclei of each cell 
to be electroporated.[44] We previously trained our algorithm for 
segmentation of a wide variety of cell lines.[45] Here, we trained 
and optimized the algorithm to precisely identify the nuclear 
locations of human primary dermal fibroblasts (HDFs) and 
hiPSCs from phase contrast images, by using corresponding 
fluorescence images with nuclear stains as the ground truth. 
The trained network enabled localization of live cell nuclei from 
the phase images only, without any additional nuclear labeling. 
We obtained a precision and recall of 88.5% and 90.5% for the 
HDFs and 91.4% and 97.9% for the hiPSCs, respectively. The 
performance of the FCN was significantly better than an algo-
rithm based on morphological operations[46] (Figure S1 and 
Table S1, Supporting Information). We also applied the same 
FCN architecture to accurately locate the tip of the nanopipette 
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in the XY image plane. The optimized FCN network was 
incorporated in the automated NFP-E electroporation software 
workflow (Figure 2a). This integrated software was then used 
for automated single cell electroporation. A single run of auto-
mated electroporation involves the autocalibration of the nano-
pipette tip (Figure 2b), followed by localization of the cell nuclei 
and nanopipette in the field of view from live phase images 
(Figure 2b). Intermediate autofocusing steps to switch between 
focal planes of the cells and the nanopipette ensure that the 
image segmentation is performed on images acquired at the 
correct focal plane (Figure  2b). The nanopipette is then auto-
matically positioned over the cells using the XYZ piezo stages 
and a resistance-based contact detection algorithm[41] is used to 
identify cell-nanopipette contact (Figure S2, Supporting Infor-
mation). The resistance-based contact algorithm continuously 
measures the system resistance as the nanopipette approaches 
the cell. When the nanopipette is in proximity of the cell mem-
brane, the system resistance gradually increases, and a contact 
is established when this resistance rises above an empirically 
determined threshold. We have shown in a previous study that 
sufficient contact is made in this process to increase the trans-
membrane potential beyond the electroporation threshold.[47] 
We have also investigated the effect of the extent of contact on 

delivery efficiency and cell viability.[41] In the current study, con-
tact is determined when the resistance change (≈300–500 kΩ) 
exceeds 1% of the baseline (≈30–50 MΩ). This threshold allows 
for efficient intracellular delivery without any significant via-
bility loss.[48] After establishing contact, an electroporation 
pulse is applied to deliver cargo into the cell. Following this, 
the nanopipette retracts to its original Z position and moves to 
the next cell after a wait time of 1 s. The entire procedure is 
then repeated for all cells in the field of view (see Video S1, Sup-
porting Information). Once all the identified cells in the field 
of view are electroporated, the system moves to a new region 
of interest. Integrated software control for the microscope XY 
stage allows precise positioning of different regions of the sub-
strate in the field of view, which was leveraged to electroporate 
cells patterned in arrays as demonstrated later. All these steps 
are executed sequentially by the software workflow without user 
intervention. The automated contact detection ensures gentle 
contact and reduced cell to cell variability in obtaining a good 
electroporation seal that may exist during manual operation. 
This allows for the electroporation of several cells in a single 
run without clogging the nanopipette as demonstrated by the 
delivery of fluorescent bovine serum albumin (BSA) in sev-
eral (>60) HEK 293 cells (Figure 2c and Figure S3, Supporting 
Information).

2.2. Efficient Delivery of Nucleic Acids in Primary 
and Stem Cells

Efficient delivery of nucleic acids such as plasmid DNA vec-
tors, mRNA, and sgRNA oligonucleotides into eukaryotic 
cells is an important precursor to applications such as genera-
tion of isogenic cell lines which have widespread applications 
in biotechnology and pharma such as high throughput drug 
screening assays, developing cellular therapeutics and mod-
eling diseases.[9] Often such applications involve the usage of 
primary cells from tissues or stem cells. These cells are usually 
hard to transfect and traditional methods such as lipid medi-
ated delivery or BEP may lead to significant loss of cell viability 
or introduce toxic effects in addition to having low transfection 
efficiencies.[11,12] We have previously demonstrated NFP-E-based 
delivery of plasmid vectors in immortalized cell lines with high 
efficiency, leading to uniform gene expression as compared to 
lipid-based methods.[41] Here, we report the capability of the 
NFP-E to efficiently transfect primary and stem cells. First, 
we validated the ability of the automated NFP-E platform to 
deliver nucleic acids into cells and control the dosage by intro-
ducing a cy3-tagged scrambled siRNA into hiPSCs. We applied 
a bilevel pulse and varied the first voltage level (12, 15, and 18 V)  
as well as the total number of pulses applied (50 and 100 pulses) 
(Figure S4, Supporting Information). The other parameters 
(second voltage level, pulse width, and frequency) were kept 
constant (see the Experimental Section). To quantify the 
amount of molecular cargo entering the cells, we measured the 
cy3 fluorescence intensity from individual cells after delivery. 
Our results indicate that by increasing the voltage and number 
of pulses, the amount of cargo delivered can be increased 
(Figure S4, Supporting Information). For subsequent experi-
ments, we fixed the pulse parameters at 15 V and 100  pulses.  
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Figure 1.  NFP-E system setup and components. a) Schematic of major 
components. b) Automated NFP-E setup with XYZ piezo stage and nan-
opipette-counter electrode holder mounted on an inverted microscope.
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Next, we delivered a plasmid encoding for enhanced green 
fluorescent protein (EGFP) expression into HDFs. After 24 h, 
we imaged the electroporated cells for the expression of the 
fluorescent EGFP reporter (Figure 3a). We obtained an average 
transfection efficiency of 76.3 ± 5.6%  which was significantly 
higher than that obtained using BEP (60.1 ± 6.2%,  p  < 0.05) 
(Figure 3c). We also delivered a plasmid encoding for the fluo-
rescent protein mCherry into EGFP expressing hiPSCs using 
the NFP-E and observed the electroporated cells after 24 h 
(Figure 3b). We found the average transfection efficiency to be 
40.7 ± 12.3%  (Figure  3c). There was no significant difference 
between the transfection efficiency obtained using the NFP-E 
and that obtained using BEP (31.2 ± 8.1%)  (Figure  3c). More-
over, high viability was maintained for both HDFs (96.1 ± 1.9%) 
transfected with EGFP plasmid and hiPSCs transfected with 
mCherry plasmid (89.97 ± 3.9%) using the NFP-E (Figure 3d). 
The observed viability was significantly higher than that 
obtained for bulk electroporated HDFs (71.1 ± 7.3%,  p  < 0.05) 
and hiPSCs (68.8 ± 5.5%, p < 0.01) (Figure 3d). We note that the 
efficiency of transfection in hiPSCs using NFP-E can be further 
improved by using different electroporation pulse designs (e.g., 
exponential/bipolar) or by using higher voltage pulses at the 
expense of decreased viability. It is important to mention that 

with the NFP-E system, it is possible to address 50–150 cells in 
one treatment depending on the number of cells in the field of 
view whereas BEP is performed on 1–10 million cells. Although 
fewer cells can be addressed with the NFP-E, its major benefits 
include selective transfection of cells in a culture, low cell loss 
during processing steps, and much higher viability as com-
pared to BEP. This is advantageous for handling small starting 
samples, temporal cell tracking-based studies, and cell line gen-
eration applications.[26,35,41]

2.3. Delivery of Functional Proteins and CRISPR/Cas9 RNPs  
in Stem Cells

The direct delivery of Cas9 protein and sgRNA molecules into 
stem cells is increasingly being applied in precise genome engi-
neering for the advancement of disease modeling and drug 
discovery.[8] Moreover, efficient delivery of different protein 
molecules into cells has potential applications in therapeu-
tics, e.g., through the delivery of deficient proteins to over-
come diseased cellular states.[49,50] However, efficient delivery 
of proteins still presents a challenging biological problem, as 
proteins are largely membrane impermeable because of their 
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Figure 2.  Automated NFP-E workflow. a) Flowchart showing the sequence of events for a single automated run of the NFP-E (here N goes from the 1st 
detected cell to the last detected cell). b) Autofocus is achieved by using a method that maximizes the normalized variance (1). The FCN is trained to 
detect the cell nuclei (as shown for HDFs and hiPSCs) and the nanopipette tip (2). Automated pipette detection is also used for calibrating the pipette 
motion. c) Delivery of fluorescent BSA in 70 HEK 293 cells in a single run using the NFP-E system. Scale bars: 20 µm.
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size and charge. Endosomal uptake provides a means of over-
coming this barrier, but endosomal escape is rare and most 
of the cargo is degraded.[49,50] Proteins are also susceptible 
to degradation due to their poor stability unless specialized 
buffers are used.[49,50] In addition, the structure and function 
of proteins may be compromised upon delivery. We have pre-
viously reported the delivery of fluorescently tagged BSA in 
immortalized cell lines as a demonstration of protein delivery 
into cells.[41] Here, we report the capability of the NFP-E system 
to directly deliver functional proteins into EGFP expressing 
iPSCs, bypassing the endocytic pathway. First, we delivered 
R-Phycoerythrin (R-PE), a 240 kDa fluorescent protein from the 
phycobiliprotein family into the hiPSCs using the NFP-E plat-
form. We observed uniform fluorescence from the cytoplasm or 
nuclei of the cells immediately after the electroporation pulses 
were applied (Figure  3e). The delivery efficiency of R-PE was 
91.5 ± 3.5%  (Figure  3g). This confirmed that the NFP-E tech-
nology is efficient in delivering large proteins directly and uni-
formly into the cytoplasm or nucleus of cells. Moreover, as the 
proteins retained their fluorescence post-delivery, we inferred 
that their structural and functional integrity is preserved. Next, 
we delivered a Cas9/sgRNA RNP complex (>160 kDa) into the 

EGFP expressing iPSCs using the NFP-E system. The sgRNA 
was designed to knockout the EGFP gene (Table S2, Supporting 
Information) and was tagged with an Atto 550 fluorophore for 
visualization within the cells. Immediately after electroporation, 
we observed a strong and uniform fluorescence signal within 
the targeted cells, particularly from the nuclei, indicating suc-
cessful delivery of the Cas9 RNP into the cells (Figure 3f). The 
delivery efficiency of the Cas9 RNP was 92.1 ± 1.5% (Figure 3g). 
The high efficiency, uniform fluorescence, and the nuclear 
localization of the signal suggested that the NFP-E can be used 
for precise delivery of genome editing machinery directly into 
cell cytoplasm or nuclei. Here, we must note that the intracel-
lular localization of a protein in general (cytoplasm/nucleus) is 
random, even though the NFP-E delivery process is performed 
by targeting the cell membrane over the nucleus. In the case 
of Cas9 RNP, the localization preferentially happens within the 
nuclei due to the presence of nuclear localization sequences on 
the Cas9 protein. Thus, molecular design plays a key role in intra-
cellular localization. Overall, the physical mechanisms involved 
in localized electroporation that determine cytoplasmic/
nuclear localization of delivered cargo is poorly understood 
and could be an interesting future study. Next, we compared 
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Figure 3.  Delivery of functional biomolecules into primary and stem cells using NFP-E. a) Fluorescence micrograph showing human primary dermal 
fibroblasts (HDFs) expressing GFP, after plasmid delivery using NFP-E. b) Fluorescence micrograph showing human-induced pluripotent stem cells 
(hiPSCs) expressing mCherry, after plasmid delivery using NFP-E. c) Efficiency of GFP and mCherry plasmid transfection using NFP-E and BEP in HDFs 
and hiPSCs, respectively (N = 3 experiments for each, *p < 0.05, n.s.: no significance). d) Viability of HDFs transfected with EGFP plasmid and hiPSCs 
transfected with mCherry plasmid, 24 h post-treatment with NFP-E and BEP (N = 3 experiments of each, *p < 0.05, **p < 0.01). e) Phase contrast 
and fluorescence micrographs showing the delivery of fluorescent R-Phycoerythrin (R-PE) in hiPSCs. f) Phase contrast and fluorescence micrographs 
showing the delivery of Atto 550 tagged Cas9/sgRNA RNP complex in hiPSCs. g) Delivery efficiency of R-PE and Cas9/sgRNA RNP in hiPSCs (N = 3 
experiments). h) Phase contrast and fluorescence micrographs showing the knockout of EGFP in EGFP expressing hiPSCs 48 h after Cas9/sgRNA RNP 
delivery using NFP-E. i) Comparison of EGFP knockout efficiency between NFP-E, lipofectamine stem cell reagent (LIPO), and BEP for EGFP expressing 
hiPSCs (N = 3 experiments for each, *p < 0.05, n.s.: no significance). Scale bars: 20 µm, Error bars represent the S.D.
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NFP-E-mediated cargo delivery to that using lipofectamine. In 
contrast to NFP-E-based delivery, the fluorescence signal of the 
RNP was localized in scattered intracellular vesicles after 12 h, 
when the delivery was performed using lipofectamine stem cell 
reagent (Figure S5, Supporting Information). This suggests 
that unlike lipid-mediated delivery, which follows an endo-
cytic pathway, delivery using the NFP-E directly introduces the 
macromolecules into the cell and is likely less prone to endo-
somal degradation. Further, we observed a loss of fluorescence 
in several electroporated cells after 48 h of culture, indicating 
a knockout of the EGFP gene (Figure  3h). Post knockout, we  
confirmed the presence of cells in the fluorescence depletion 
regions by performing a live cell staining assay (Figure S6, Sup-
porting Information). The EGFP knockout efficiency in our 
hiPSC line using the NFP-E was found to be 36.9 ± 2.7% which 
was significantly better (p  <0.05)  than the performance of 
lipofectamine stem cell reagent (27.8 ± 1.9%)  (Figure  3i and 
Figure S7, Supporting Information) and is comparable to other 
localized electroporation-based platforms.[20,23] We also com-
pared the knockout efficiency of NFP-E to that of BEP. We 
found that the knockout efficiency using the NFP-E is not sig-
nificantly different from that of BEP (34.5 ± 2.3%)  (Figure  3i 
and Figure S7, Supporting Information). However, it must be 
mentioned that in BEP there is massive cell death in hiPSCs 
due to dissociation induced death (anoikis) and electropora-
tion-mediated stress. Anoikis in hiPSCs and poor cell recovery 
(>80% cell loss) has been previously reported in multiple BEP 
studies.[12,36] Thus, even though the standard metrics of effi-
ciency and viability are comparable for the NFP-E and BEP, the 
overall yield of the desired phenotype is much lower for BEP.

2.4. Automated Single Cell Delivery on Microconfinement Arrays

Microconfinements such as microwells on polymer substrates 
(such as polydimethylsiloxane (PDMS) or polyethylene glycol 
(PEG)) and micropatterns generated via microcontact printing 
have been used to trap cells for applications ranging from 
single cell protein analysis and RNA sequencing to cell adhe-
sion studies.[51–53] Here, we utilize the automated NFP-E in con-
junction with PDMS microwells and, following a prior NFP-E 
protocol,[41] arrays of micropatterns, to demonstrate the ability 
of the system to perturb single cells or small cell clusters. This 
workflow has potential applications in cell line generation and 
studying dynamics of processes such as cell–cell signaling. 
We fabricated microwells by bonding a thin PDMS through-
hole membrane with the polystyrene substrate using (3-ami-
nopropyl)triethoxysilane (see the Experimental Section). The 
through holes in the PDMS membrane formed the microwells 
with the polystyrene acting as the base. Then we passivated 
the PDMS surface and coated the microwell interiors with vit-
ronectin for hiPSC attachment (Figure 4a). Alternatively, we 
generated the micropatterned arrays by microcontact printing 
(see the Experimental Section) a polystyrene substrate using 
vitronectin-coated PDMS pillars and then passivating the sur-
rounding areas (Figure 4a). Depending on the size and spacing 
of the microconfinements, we were able to generate arrays 
having 400 to 1200 individual patterns or wells. We seeded 
EGFP expressing hiPSCs on the microwell and micropatterned 

substrates at a density of 2500 cells cm−2 and were able to cap-
ture 1–10 cells within each occupied patterned spot or micro-
well (Figure  4c). After 12 h of culture, the cells adhered well 
on both the microwells and micropatterns (Figure 4b) and the 
cells nuclei could be efficiently segmented and localized by the 
FCN on both substrates (Figure  4d). We note that the trained 
FCN used previously for cells in regular cultures was used 
for cell localization on the microconfinement arrays without 
any degradation in localization performance. We observed 
the cells on these substrates for a period of 8 days and found 
them to proliferate, maintain a healthy morphology, and form 
colonies. After 8 days of culture on the microconfinements, 
we were able to detach the colonies with ethylenediaminetet-
raacetic acid (EDTA) and transfer them to Matrigel-coated 96 
well-plates with pipettes (Figure S8, Supporting Information). 
Moreover, we were able to confine single hiPSCs in the micro-
substrates, which survived and produced colonies (Figure S8, 
Supporting Information). The workflow for hiPSC transfection 
on the microsubstrates using the NFP-E system is largely the 
same as previously described with one additional step. After 
electroporating cells in one microcompartment, the micro-
scope stage is moved to bring the next microcompartment 
of the array in the field of view, before electroporation. This 
process is repeated until the cells, in all microcompartments 
in a selected array, have been electroporated. To investigate 
adverse effects on hiPSC proliferation, we electroporated cells 
in micropatterned colonies using the NFP-E and tracked them 
for 2 days post electroporation. Although, the proliferation of 
NFP-E targeted colonies was lower on average as compared to 
nonelectroporated control colonies, there was no significant 
difference between the two groups (Figure  4e). The slightly 
lower proliferation rate is likely a result of cell viability loss 
in some of the targeted colonies or cell stress induced due to 
electroporation. Previous studies have also shown proliferation 
rate reduction in hematopoietic stem cells due to electropora-
tion or Cas9-mediated DNA double-strand breaks.[13,54] It must 
be noted that in this experiment we used the NFP-E pulse 
parameters that were most efficient for hiSPC transfection 
while maintaining cell viability (see the Experimental Section). 
In future investigations, the effects of different electroporation 
pulse parameters on hiPSC proliferation and function could be 
explored. Overall, our observations indicate that hiPSC func-
tion is not adversely affected by microconfinement and NFP-E 
treatment. As a result, this protocol can be utilized in hiPSC 
engineering applications. For example, in future, it may be pos-
sible to use NFP-E for delivering molecules of interest (such 
as Cas9 RNPs) into isolated single cells on the microconfine-
ments, and then allowing them to proliferate before harvesting 
the desired clones for generating cell lines. Alternatively, a 
single cell within a group of cells on the microconfinements 
could be transfected with a plasmid vector and then a clonal 
colony generated by antibody selection as demonstrated by 
use previously using immortalized cell lines.[41] For instance, 
single cell electroporation with the NFP-E followed puromycin 
selection could be used for the generation of isogenic hiPSC  
lines.[17] To demonstrate the NFP-E capability to deliver func-
tional molecules into cells cultured on the microconfine-
ments, we delivered a fluorescently labeled BSA into the 
EGFP-hiPSCs cultured in microwells and obtained a delivery 
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efficiency of 92.8 ± 4.1% (Figure 4f,h). We also delivered Cas9/
sgRNA RNP targeting the EGFP gene into EGFP-hiPSCs cul-
tured on micropatterns and observed EGFP knockout after 72 h 
(Figure  4g). To highlight cell selectivity of the NFP-E process, 
a single cell was electroporated per colony in this experiment 
with the knockout daughter cells originating from one parent 
cell. We note that the algorithm was modified to stop the 
process after electroporating the first cell in each colony. The 
efficiency of colony wise knockout was 37.5 ± 8.3% with 24 out 
of 64 total targeted cell colonies (N  = 3 experiments) having 
knockout cells (Figure  4h). Such selective cell electroporation 
experiments within small cell populations are a unique feature 
of probe-based methods like the NFP-E, which cannot be per-
formed using traditional methods like BEP or lipofection.

3. Discussions

In this work, we presented an automated version of the NFP-E 
single cell electroporation method, which has unique advan-
tages over traditional intracellular delivery methods. First, the 
NFP-E is a generalized intracellular delivery platform capable 

of delivering a wide variety of molecules (plasmid DNA, mole-
cular beacons, proteins, etc.) in several immortalized cell types 
as demonstrated previously.[39–41] Here, we extend the method 
to primary cells (HDFs) and stem cells (hiPSCs), which are sen-
sitive and hard to transfect with traditional approaches due to 
high toxicity and poor cell viability. Due to the localization of 
the electric field applied by the NFP-E,[39] the cellular perturba-
tion is minimal and helps preserve high cell viability even in 
the case of primary and stem cells. Moreover, the electropora-
tion pulse profile, for various cell types and delivered mole-
cules, is similar, indicating that the NFP-E method is of general 
applicability. As such, extensive optimization for each cell type 
and molecule can be avoided, which is an advantage over tradi-
tional methods.[9]

Second, the NFP-E protocol does not involve the use of spe-
cialized buffers for delivery as is the case with carrier-based 
methods and BEP.[9,10] This, in combination with the low volt-
ages applied, makes the NFP-E a suitable method for the direct 
delivery of recombinant proteins whose structure and function 
may be degraded in unsuitable buffers.[49] The efficient delivery 
of Cas9 nuclease and successful gene knockout results indicates 
that protein function is retained upon delivery via the NFP-E 
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Figure 4.  NFP-E and microconfinement method for manipulation of small cell populations. a) Schematics showing fabrication workflow for microwell 
array (left) and micropattern array (right). b) Localization of a single to few cells on microwell arrays and micropatterned arrays. c) Distribution of 
cells captured in microwells and micropatterns. Majority of the occupied microconfinements had 1 to 3 cells. d) Prediction of nuclear locations of 
hiPSCs seeded in microwells and micropatterns using the FCN. e) Size of control and NFP-E-treated hiPSC colonies as observed over 2 days post-
electroporation to track the effect of electroporation on cell proliferation (N = 10 colonies for each group). The size was calculated as the logarithm of 
the ratio of the number of cells in a colony on a particular day (Nm) and the number of cells in the same colony on day zero (N0). (n.s.: no significant 
difference). f) Delivery of fluorescent BSA in hiPSCs seeded in a microwell. g) Knockout of EGFP in an hiPSC colony on a micropattern array observed 
72 h after Cas9/sgRNA RNP delivery. The control indicates a colony formed by nonelectroporated cells. The arrows indicate knockout daughter cells 
originating from a single electroporated parent cell. h) Efficiency of BSA delivery (microwell array) and EGFP knockout (micropattern array) in hiPSCs 
using the NFP-E (N = 3 experiments for both BSA delivery and EGFP knockout). Scale bars: 100 µm, Error bars represent the S.D.
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platform. These observations suggest that the NFP-E could 
potentially be used for applications such as the direct delivery 
of synthetic transcription factors for cellular reprogramming[55] 
and therapeutic proteins for studying diseases such as neuro-
degeneration and specific cancers.[50] It must be noted that we 
used cell culture media and PBS for our experiments. Addi-
tional experiments must be performed to gain insight on the 
range of buffers that can be used with the NFP-E platform and 
potential for improvements in delivery efficiency.

Third, the NFP-E allows for precise dosage control of the 
molecule delivered due to the electrophoretic nature of the 
delivery as shown by us previously.[39,47] By modifying the 
voltage parameters and the threshold contact resistance, the 
amount of the molecule delivered can be tuned as demon-
strated here and in prior studies by us,[41,47] which may prove 
useful in several cases. Few pertinent examples include combi-
natorial delivery of several sgRNAs for multiple gene knockout 
that can reveal the genetic interactions[56] involved in diseases 
or varying the stoichiometries of different mRNAs delivered 
to cells to control gene expression.[23] Such control is difficult 
with lipid carriers or BEP where the delivery is nonuniform 
and stochastic.[9] Besides, due to the uniformity in delivery as 
demonstrated in the current study, the NFP-E method proves 
suitable for tracking dynamic cellular events quantitatively via 
imaging fluorescent markers in live cells. For instance, a tech-
nique for live imaging of genomic DNA and RNA transcripts 
called CRISPR LiveFISH was recently developed using Cas9, 
Cas13, and fluorophore-tagged sgRNAs for tracking chromo-
somal disorders.[57] In a previous study, we were able to track 
mRNA expression in single cells by delivering molecular bea-
cons using the NFP-E.[40] Here, we demonstrated the delivery 
of a fluorophore-tagged Cas9/sgRNA RNP into hiPSCs, which 
indicates that CRISPR LiveFISH could potentially be used 
in conjunction with the NFP-E to track cellular dynamics in 
adherent single cells at different timepoints. These studies 
would be challenging with traditional BEP formats, where the 
cells need to be resuspended for each delivery cycle making it 
difficult to track the same cells over time.

Additionally, the NFP-E can selectively deliver molecules into 
single cells within a population. With further development, this 
capability could be especially advantageous in studies involving 
multicellular systems where specific cells need to be trans-
fected. Moreover, employing the deep learning framework for 
live image segmentation allows for distinguishing different cell 
types in a heterogenous population as shown by others.[58,59] 
By training the FCN with images of a range of cell types of 
interest, instances of different kinds of cells within the same 
field of view could be classified into distinct categories. Thus, it 
could be possible to automatically distinguish specific cell types 
in co-culture systems and deliver molecules into the desired 
cell type using the NFP-E system. For example, in a neuron-
muscle co-culture system[60] for disease modeling, the neurons 
can be selectively targeted for corrective gene editing.

Finally, due to the serial nature of most probe-based single 
cell delivery systems and associated technical issues like probe 
clogging, their throughput is limited to 5–10 cells per probe.[61] 
Moreover, they require considerable user expertise in posi-
tioning and manipulation for operation, which proves to be a 
fundamental challenge while scaling up the systems to tackle 

biological studies of interest. In contrast, the fully automated 
NFP-E system uses an FCN architecture for cell localization and 
pipette tracking and a resistance-based cell-nanopipette contact 
detection algorithm, the combination of which minimizes user 
intervention during the automated single cell electroporation 
procedure. The automation partially addresses some of the 
issues of manual probe-based methods by eliminating tedious 
and repetitive manual steps and employing a gentle and tun-
able contact algorithm to reduce variability and debris accumu-
lation on the nanopipette tip. These modifications allow the 
NFP-E to automatically electroporate 60–70 cells with a single 
nanopipette, which is almost an order of magnitude higher 
than other systems.

Leveraging the advantages of the automated NFP-E system, 
we combined it with microconfinements to entrap cells and 
demonstrated a protocol for cell transfection and temporal 
tracking that can potentially be used for applications such as 
testing the efficacy of different sgRNAs (e.g., by transfecting 
groups of colonies with different Cas9/sgRNA complexes 
and harvesting them for downstream analysis), screening for 
target genes (e.g., related to a disease), and isogenic cell line 
generation. We must however consider the possibility of a cell 
detaching from its colony and adhering to an adjacent one, thus 
affecting clonality. To examine this scenario, cells transfected 
with different reporters may be tracked in time. Parameters 
such as distance between colonies and the degree of passivation 
can then be tuned to eliminate such cross-contamination.

Furthermore, the NFP-E and microconfinement method 
could be augmented for cell dispensing and picking or 
employed in combination with commercially available ones. 
This would provide a fully automated cell manipulation pipeline 
with seamless cell dispensing in microconfinements, followed 
by automated single cell electroporation, regular monitoring or 
imaging of the transfected cells, and picking of the desired cells 
for downstream analysis (DNA/mRNA sequencing) and appli-
cations. With further optimization of the protocols, the auto-
mated NFP-E method should provide high knockout efficien-
cies and enable combinatorial genetic manipulations (Figure 5).

4. Conclusions

In conclusion, the automated NFP-E in combination with 
microconfinement arrays provides a versatile platform for 
gentle single-cell manipulation for a wide variety of cell types 
including hiPSCs. This procedure can potentially eliminate cell 
manipulation steps that consume time and resources and lead 
to poor cell viability especially in the case of sensitive cells such 
as hiPSCs. Future work will involve automated transfection of 
specific cell types in heterogenous co-culture populations and 
combinatorial gene knockouts for isogenic cell line generation 
that enables the study of genetic diseases.

5. Experimental Section
Automated NFP-E Setup and General Electroporation Protocol: All 

experiments were performed using the NFP-E system (Figure  1a,b). 
The system utilized a glass nanopipette (Eppendorf) for targeted 
macromolecular delivery into single cells. The nanopipette was loaded 
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with the desired molecular solution and fitted to a robotic arm. The 
robotic arm carried platinum electrodes for measurement of solution 
resistance and application of electroporation pulses. The XYZ motion 
of the robotic arm was controlled by precision linear piezo stages with 
40  nm resolution. The entire system was mounted on a motorized 
inverted fluorescence microscope (Nikon Eclipse Ti-E). Images of cells 
and the nanopipette were acquired in phase contrast mode using a 
CMOS machine vision camera (7.1 MP, 1′ format, monochromatic). 
The XY positions of all the cells of interest in the field of view and the 
nanopipette were either automatically identified (process described 
later) or selected by the user. A custom designed electronic printed 
circuit board and software were used to measure the resistance of 
the system at a sampling rate of 150  Hz. The nanopipette was then 
automatically placed over the cell of interest and displaced in the Z 
direction toward the cell. Contact between the nanopipette tip and 
the cell was identified when the filtered baseline resistance exceeded 
a pre-determined threshold (typically 1% of the baseline). The desired 
electroporation pulses (square, bi-level, or exponential) were applied 
and then the nanopipette engaged the next cell of interest automatically. 
Once all the cells of interest in the current field of view had been 
electroporated, the substrate was moved to the subsequent location 
using a motorized XY stage with 50 nm resolution, and the process was 
repeated. This allowed for automatic delivery of molecules into cells 
patterned in microconfinement arrays. For most experiments, bilevel 
electroporation pulse trains (15  V, 0.5  ms; 10  V, 2.5  ms; typical) were 
applied at a frequency of 50  Hz. Each train was consisted of 50 such 
bilevel pulses and typically 1 to 2 trains were used. For 2 train protocols 
the wait time between the trains was equal to the duration of 1 train. 
All electroporation steps were either carried out in cell culture media or 
phosphate-buffered saline (PBS). After electroporation, the cells were 
washed with PBS and put in fresh media and returned to the incubator 
(37 °C and 5% CO2) until further analysis.

Automated Imaging and Video Acquisition: Images were acquired in 
phase contrast and fluorescence modes using an inverted fluorescence 
microscope (Nikon Eclipse Ti-E) fitted with a CMOS machine vision 
camera (7.1 MP) and a scientific CMOS camera (5.5 MP). Automated 
image and video acquisition were performed using custom written 
software in C#.

Autofocus on Cells and Nanopipette: Autofocusing on the cells was 
performed using an algorithm based on the normalized variance 

method.[62] First, a z-stack of phase contrast images was obtained 
around a preset XY plane of the adhered cells, which served as an initial 
guess. Then a normalized variance metric, FNVAR, for each image was 
calculated. The image with the maximum FNVAR value was chosen as 
the focused image. A template matching algorithm was used to focus 
on the nanopipette in the field of view. A z-stack of phase images 
was obtained around an initial guess. A region of interest (ROI) of a 
focused nanopipette was used to calculate the correlation coefficient 
and generate a template matching score (TMS) for each image in the 
z-stack. The TMS scores for all the images were normalized to the TMS 
of a focused image to obtain a focus score ( ZTM =  TMSZ/TMS0). The 
pipette focal plane was determined from the highest ZTM score. Once 
focused, the position of the tip was located using a deep convolutional 
network.

Localization of Cells and Nanopipette: An FCN architecture was 
implemented and trained to detect the nuclei of cells in phase contrast 
images with pixel-level resolution.[63] The FCN architecture was consisted 
of an encoder–decoder system that output a multiclass prediction for 
each pixel (interior, boundary, and exterior). An input image and its 
corresponding ground truth labels were passed through two convolution 
layers (3 × 3  kernel size), connected with a rectified linear unit (ReLU) 
nonlinear activation function, and down-sampled with a max pooling 
layer (stride = 2). These layers were repeated three times in the decoder 
region of the network to form a multilevel-architecture where the image 
width (W) and height (H) were halved after max-pooling. The decoder 
region contained one up-sampling layer, a concatenation step, and three 
convolution layers connected with ReLU activation. The up-sampling 
and concatenation steps increased the resolution of the tensor up each 
level of the network until the original resolution was obtained. Each pixel 
output contained a probability map of the three classes. A weighted 
soft-max cross-entropy cost function was used to measure the output 
error to the ground truth. The boundary class was weighted more heavily 
(10x) than the interior and exterior classes to separate neighboring cells.

During training, the weights of the network were updated using 
stochastic gradient descent (learning rate = 1 E-4, momentum = 0.9) 
to minimize the cost function in the backpropagation cycle. The image 
data were separated into training and validation sets with a 5:1 ratio, 
and training was stopped when the validation cost reached a minimum 
value to prevent overfitting. A GPU with cuDNN acceleration (NVIDIA) 
was used for training batches of images in parallel cores and speed up 
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Figure 5.  Potential application of fully automated NFP-E system in cell line generation workflow. The automated NFP-E system can be used to generate 
isogenic cell lines with targeted mutations. Arrays of single or few cells in microconfinements can be transfected with the Cas9/sgRNA machinery using 
the NFP-E (1). Single cell clones are then generated by antibiotic selection or by isolating colonies originating from single cells (2). The harvested clones 
may be expanded and validated to obtain isogenic cell lines (3) and then used for drug screening and disease modeling studies (4).
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training time. An ROI (256 × 256 [px]) of the image (696 × 520 [px]) was 
cropped into six batches for training and two batches for validation for 
100 steps per epoch (TensorFlow).

The performance of the algorithm was evaluated by measuring the 
overlap of the output predictions with the annotated ground-truth 
annotations. The intersection was computed over union (IOU) given 
by |A∩B|area/|A∪B|area, where A represents the annotated image, or 
ground truth, and B represents the prediction. True positives (TPs) were 
characterized as predicted labels that exceeded 50% IOU. False positives 
(FPs) corresponded to predicted labels below the 50% threshold, 
and false negative (FN) as regions containing cells without a labeled 
prediction. The precision (P) and recall (R) were determined from these 
values with the following equations: P = TP/(TP + FP), R = TP/(TP + FN). 
To improve precision and ensure that there are minimal false detects 
that could lead to pipette crashing on the substrate, additional 
watershed and area filters were applied to separate merged contours 
and remove outliers.

The same FCN architecture used for cell detection was utilized for 
the recognition of the pipette tip. To generate the ground truth labels, 
a custom annotation software (C#) was developed in which the user 
clicked on the pipette tip and a small triangular section, above the tip, 
was classified as the pipette for training. In this manner, hundreds of 
images were rapidly labeled by moving the pipette within a field of view, 
clicking on the tip at multiple locations, and moving to different fields 
of views containing backgrounds with different illumination conditions, 
focal positions, and cell environments. Prior to training, the images were 
preprocessed with a Sobel filter to emphasize the edges of the pipette. 
The same training, validation, and model optimization procedures used 
for cell detection were employed with the pipette images. Size and 
aspect-ratio filters were used to filter out false positive pipette objects. In 
the event that more than one object was recognized as a pipette in the 
field of view, a template matching algorithm was utilized as a secondary 
detection scheme to locate the position of the pipette. The FCN was 
used to detect the pipette tip during the tip calibration process and prior 
to the automated transfection procedures (see Video S1, Supporting 
Information).

BSA Delivery using NFP-E: HEK 293 cells were plated on 35  mm 
cell culture dishes (Falcon) and allowed to adhere for 16–24 h. BSA 
tagged to Alexa Fluor 488 (BSA-AF 488) (Thermo Fisher Scientific) 
was resuspended in 1X Dulbecco’s PBS (DPBS) and used in the 
electroporation experiments at a final concentration of 2.5 mg mL–1.

siRNA Delivery using NFP-E: hiPSCs were plated on 35 mm cell culture 
dishes (Falcon) and allowed to adhere for 16–24 h. Cy3-tagged negative 
control siRNA (Thermo Fisher Scientific) was resuspended in 1X DPBS 
and used in the electroporation experiments at a final concentration of 
10 × 10−6 m.

Phycoerythrin Delivery using NFP-E: Cells were plated on 35  mm 
cell culture dishes (Falcon) and allowed to adhere for 16–24 h. 
R-Phycoerythrin (R-PE) (AnaSpec) was resuspended in 1X DPBS and 
used in the electroporation experiments at a final concentration of 
1.17 mg mL−1.

Cas9/sgRNA Delivery using NFP-E: The day prior delivery, the cells 
were plated at 2500–5000 cells per dish on Matrigel or vitronectin-coated 
35  mm gridded dishes (Ibidi) which allowed for long-term tracking of 
the colonies. Cas9 protein (NEB) and sgRNA (IDT and Synthego) were 
mixed in the molar ratio 1:1 and incubated at 37 °C for 10 min to produce 
the active RNP complex. This RNP complex was directly used for all 
delivery experiments at a final concentration of 1 × 10−6 m.

Plasmid Delivery using NFP-E: The plasmids pEGFP and pmCherry 
(size ≈4.7  kb) were composed of the pCDNA plasmid backbone of 
4  kb, containing an SV40 origin of replication, with an insert of 0.7  kb 
that coded for a fluorescent reporter (EGFP and mCherry, respectively). 
Both plasmids were kept at −20 °C at a concentration of 1 µg mL–1 and 
diluted in 1X PBS to the desired concentration (50  ng mL–1) before 
electroporation. Post electroporation, RevitaCell (Gibco) was added to 
the cell culture media (1X final concentration) to promote viability. After 
24 h of plasmid delivery, the expression of the reporter was analyzed 
using fluorescence microscopy.

Plasmid Delivery using BEP: BEP was carried out using the Gene 
Pulser XCell System (BioRad) following the manufacturer’s protocols. 
Briefly, 1 × 107 cells were resuspended in 800 µL of electroporation buffer 
(Eppendorf) prechilled in ice. Prior to this step, the cells were dissociated 
using their respective dissociation reagent (0.05% Trypsin with 0.2% 
EDTA for HDFs and 0.5 × 10−3 m EDTA for hiPSCs). The cell suspension 
was mixed gently with 5–10 µg of the plasmid DNA prepared in TE buffer 
(1 µg  µL–1) and introduced into a 0.4  cm prechilled cuvette. The cells 
were electroporated using recommended electroporation parameters 
(e.g., 300 V, 500 µF 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 (1X final concentration) to promote viability.

Cas9/sgRNA Delivery using Lipofectamine: Cells were plated in a 24 well 
plate and allowed to reach a confluency of 70–90% before attempting 
transfection with lipofectamine CRISPRMAX (Thermo Fisher Scientific). 
Lipofectamine transfection was carried out using manufacturer’s 
protocol in opti-MEM medium (Thermo Fisher Scientific) with a 1:1 
molar ratio of Cas9 (NEB) to Atto 550 tagged sgRNA (IDT). The cells 
were observed under a fluorescence microscope after 12 h.

Cell Culture: Human-induced pluripotent stem cells (iPSCs) 
expressing the EGFP reporter were employed. The cells were cultured 
in Essential 8 Medium (basal medium and supplements, Thermo 
Fisher Scientific) on Matrigel (Corning)-coated 6-well plates. Media 
was replaced every 24 h. Cells were passaged by dissociating them in 
0.5  × 10−3 m EDTA (Thermo Fisher Scientific) in PBS every 4–5 days 
before reaching full confluency.

HDFs were procured from ATCC (PCS-201-012) and cultured using 
fibroblast basal medium supplemented with a low-serum growth kit 
(ATCC PCS-201-041). The cells were passaged upon reaching confluency 
with 0.05% Trypsin-EDTA (Life Technologies) and trypsin inhibitor 
solution. Experiments were performed on cells that were passaged less 
than ten times (< P10).

Fabrication of Micropatterned Substrate: PDMS micropillar arrays, having 
150 µm pillars spaced 500 µm, were fabricated from an SU8 (Microchem) 
mold on a silicon wafer using standard soft lithography. A 2 cm × 2 cm chip 
was cut out from the PDMS slab with the micropillar arrays and sterilized 
by incubating in 70% ethanol for 15 min followed by UV treatment for 
15 min. Vitronectin solution (Sigma-Aldrich) at 0.5 µg mL−1 in PBS (Gibco) 
was deposited onto the PDMS chip and, after 1 h at room temperature, the 
solution was gently removed, and the chip was dried for 5 min. The chip 
was then placed upside down onto a 35 mm polystyrene dish (Electron 
Microscopy Sciences) to allow the transfer of the vitronectin onto the 
substrate. After removal of the stamp, 1 mL of Pluronic F-127 (2 mg mL−1 
in distilled water) (Sigma-Aldrich) was added to passivate parts of the 
substrate devoid of vitronectin, preventing nonspecific cellular adherence. 
After removal of the Pluronic F-127 solution, the surface was washed with 
PBS and iPSCs were added in cell culture media. The substrate was placed 
in an incubator (37 °C and 5% CO2) overnight, allowing for the cells to 
adhere on the vitronectin patterns and form small colonies.

Fabrication of Microwell Substrate: A thin PDMS stencil (50  µm) 
containing an array pattern of microwells (250  µm diameter) was 
fabricated and bonded to a cell-culture polystyrene dish (35  mm). The 
stencil fabrication workflow was consisted of pouring a mixture of 
PDMS on a SU8 mold containing the array features, placing a flexible 
Mylar transfer sheet on top of uncured PDMS, clamping at high force 
to squeeze out the PDMS from the mold features, and curing the PDMS 
at high temperature. The Mylar transfer-sheet, containing the PDMS 
stencil, was then peeled from the mold and bonded to the polystyrene 
dish. To sterilize the PDMS stencil dish, it was washed with ethanol and 
deionized water followed by UV treatment for 1 h.

Live Cell Detection Assay: NucRed Live 647 (Thermo Fisher) was added 
to the cell culture media (2 drops of stock solution per mL of media) and 
incubated for 15 min. The cells were then washed with PBS and fresh 
media was added before imaging under a fluorescence microscope.

Viability Assay: Cell viability was assessed by staining them with 
Hoechst 33342 (Life Technologies) and propidium iodide (PI, Life 
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Technologies) 24 h after intracellular delivery using manufacturer’s 
protocols and imaging them using florescence microscopy. The cells 
whose nuclei simultaneously expressed PI and Hoechst fluorescence 
were counted as dead while the cells whose nuclei only expressed 
Hoechst were counted as alive.

Image Analysis: All image analysis procedures were performed using 
the open source image processing package, FIJI.[64]

Statistical Analysis: Statistical comparisons were performed using two-
tailed Student’s t-tests.

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