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A Tri-Droplet Liquid Structure for Highly Efficient
Intracellular Delivery in Primary Mammalian Cells Using
Digital Microfluidics

Samuel R. Little, Ziuwin Leung, Angela B.V. Quach, Alison Hirukawa,
Fatemeh Gholizadeh, Mehri Hajiaghayi, Peter J. Darlington, and Steve C.C. Shih*

Automated techniques for mammalian cell engineering are needed to examine
a wide range of unique genetic perturbations especially when working with
precious patient samples. An automated and miniaturized technique making
use of digital microfluidics to electroporate a minimal number of mammalian
cells (≈40 000) at a time on a scalable platform is introduced. This system
functions by merging three droplets into a continuous droplet chain, which is
called a triDrop. In the triDrop configuration, the outer droplets are comprised
of high-conductive liquid while an inner or middle droplet comprising of
low-conductivity liquid that contains the cells and biological payloads. In this
work, it is shown that applying a voltage to the outer droplets generates an
effective electric field throughout the tri-droplet structure allowing for
insertion of the biological payload into the cells without sacrificing long-term
cell health. This technique is shown for a range of biological payloads
including plasmids, mRNA, and fully formed proteins being inserted into
adherent and suspension cells which include primary T-cells. The unique
features of flexibility and versatility of triDrop show that the platform can be
used for the automation of multiplexed gene edits with the benefits of low
reagent consumption and minimal cell numbers.

1. Introduction

Recent advances in ex-vivo cell engineering have led to new
frontiers for cellular therapies.[1–3] Adding biological payloads
(DNA, RNA, or protein) into a cell can supply these cells with a
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customized function. Specifically, in
the field of immunotherapy, remov-
ing immune cells from the human
body, engineering the cells, and inject-
ing them into a patient has shown to
be a robust treatment regimen for a
wide range of ailments including both
hematological[4,5] and solid[6,7] forms of
cancer, infection,[8] and autoimmunity.[9]

To further advancethe field of cellular
therapy, and more specifically the field
of immunotherapy, researchers need
the capability to assess large arrays of
genetic perturbations, allowing them
to cycle through design iterations in
rapid succession. To integrate any of
these functions, biological payloads
must be inserted into the cells, and
this generally relies on three mecha-
nisms: biological[10] (viral transduction),
chemical[11] (cationic polymer, calcium
phosphate, cationic lipid, or cationic
amino acid), and physical[12] (elec-
troporation, mechanoporation, sono-
poration, hydrodynamic-poration, or

microinjection). Concerns over immunogenicity, semi-random
transgene integration, and cytotoxicity have resulted in vi-
ral transduction becoming less popular, while low transfec-
tion efficiencies have led to decreased enthusiasm for chemi-
cal techniques.[13] Physical transfection techniques are still the
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preferred approach as they generate temporary nanopores in the
cell membrane allowing the cargo suspended in the surround-
ing media to permeate the cell where it remains trapped after the
pores heal.[12]

In the last two decades, microfluidics has emerged as a lead-
ing contender for automating mammalian cell transfection[14]

with several techniques excelling at the transfection of immortal-
ized cell lines and primary T cells.[15–26] Most of these methods
have relied on channel microfluidic devices for clinical manu-
facturing applications that require processing of large numbers
of cells (>millions). However, these devices are limited in their
ability to easily control unique transfection parameters in paral-
lel or to perform transfection at smaller cell quantities which is
useful for research and development. For instance, Bloemberg
et al.[27] detailed the development of 15 unique chimeric anti-
gen receptors (CARs) targeting a solid tumor-specific antigen
(EGFRvIII) constructed using a rapid modular cloning strategy.
After screening and testing in Jurkats, five high-performing vari-
ants were selected for insertion via viral transduction into pri-
mary T cells. To test their entire library using primary T cells,
optimized electroporation protocols[28] would require upwards
of 30 million cells which can be difficult to obtain from a sin-
gle donor without lengthy ex vivo expansion protocols. To en-
able efficient screening of large libraries, such as the one cre-
ated by Bloemberg et al., and to minimize the time required for
cell culture and growth to reach the optimal density, an alterna-
tive approach is necessary for the efficient delivery of target pay-
loads. This approach should allow for the use of lower cell quan-
tities and possess the potential for parallelization and automa-
tion. Moreover, cell-based immunotherapies require inactivated
primary T-cells[29] or natural killer cells or more rare immune
cells such as tumor-infiltrating leukocytes,[30] or gamma-delta T
cells[31] which are challenging to recover and to expand to large
quantities.[32] Therefore there is much interest in working with
lower number of primary immune cells, although transfecting at
lower cell densities has shown to be detrimental to viability and
efficiency.[28,33]

Digital microfluidics (DMF) is a droplet-based technique that
relies on the generation of electrostatic forces to actuate nL-μL
droplets across a grid of electrodes via application of an electric
potential.[34] DMF has been used extensively for applications with
mammalian cells,[35] and is also a promising platform for large-
scale parallelization with simple PCB-based designs capable of
handling up to 50 samples in parallel,[36] and more complex de-
signs can handle 1000s of droplets at time.[37] In recent years,
DMF has been used to automate viral transfection[38] as well as
lipid-based transfection[39] using mammalian cells, however, ef-
forts to integrate physical transfection methods such as electro-
poration onto a DMF platform have been limited to only micro-
bial cells.[40,41] Both of these systems resulted in >98% of all cells
dying and only 2.3%[40] or up to 9%[41] of surviving cells being
successfully transfected making the proposed designs not suit-
able for mammalian cells due to high cell death. The two ma-
jor causes of cell death using previously shown DMF electro-
porator designs are excessive current generation during pulsing
leading to joule heating,[42] and the effects of electrochemical re-
actions occurring at the metallic anode and cathode leading to
a pH change in the media.[43] Several channel-based microflu-
idic systems have rectified these problems, reducing current by

creating a high-resistance electroporation environment,[44] and
protecting cells from electrochemical species by isolating cells
away from metallic electrodes.[20,45] To our knowledge, we are not
aware of a robust method for implementing high efficiency, high
viability physical transfection onto a DMF chip for mammalian
cells.

In this work, we show for the first time a three-droplet as-
semblage for facilitating DMF electroporation, which we refer
to as triDrop electroporation. The triDrop system consists of
three droplets merged into a sequential chain, with the flanking
droplets comprised of high conductivity media and the middle
droplet comprised of low conductivity media containing cells and
target payloads. Using this droplet arrangement, the platform en-
ables superior electroporation results, compared to simpler sin-
gle droplet arrangements, and we can achieve high electropora-
tion efficiencies (>95%) with high viabilities (>95%) for a diverse
range of easy-to-transfect cell types while delivering large cargo
(2000 kDa FITC-tagged dextran molecules and mRNA) and com-
plex biological cargo such as plasmids (≈5 kb) and Cas9 ribonu-
cleic proteins for genetic engineering applications. Next, we show
that the triDrop system can be used for the electroporation of pri-
mary human T cells with minimal cell numbers, high efficiency
(≈90%), high viability ratios 24 h after transfection (≈90%), and
with the ability to grow at rates comparable to non-electroporated
samples for up to a week post-transfection. Finally, we show appli-
cations of CRISPR-Cas9 gene editing in primary human T cells
by first showcasing the knockout of a well-characterized gene
with up to 80% efficiency, and an automated arrayed gene edit-
ing assay where we perform 10 unique editing conditions with
two replicates (totaling 20 electroporation reactions) while using
fewer than one million cells from a single donor. We propose
that the triDrop represents an important tool in genetic engi-
neering that can be easily implemented into current pipelines for
engineering immune cells for the development of novel cellular
immunotherapies.

2. Results and Discussion

2.1. TriDrop Electroporation Using Digital Microfluidics

Figure 1a illustrates the triDrop workflow for electroporating
20 000 – 40 000 mammalian cells. This process involves several
steps: sample preparation and collection, which entails preparing
immortalized cell lines or primary cells extracted from a patient;
resuspending the cells in electroporation buffer to achieve a con-
centration of at least 2 × 107 cells mL−1, along with the desired
payload; and loading them into the reservoirs of the DMF device.
Notably, the use of low cell numbers in this workflow signifies
a significant reduction in the required cell quantity when com-
pared to existing systems. Presently, commercial platforms for
primary T cell electroporation necessitate larger cell inputs, with
manufacturer-recommended protocols suggesting a minimum
of 200 000 cells for the Neon System (10 μL at a concentration of
2 × 107 cells mL−1), and at least 1 million cells for the Lonza and
Celetrix systems (20 μL at a concentration of 5 × 107 cells mL−1).
By employing the triDrop method, it becomes feasible to perform
downstream assays such as flow cytometry and sequencing while
starting with a reduced cell population.
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Figure 1. TriDrop platform design and overall experimental workflow for genetically engineering cells with the triDrop system. a) Cell sample was cultured
and prepared by resuspending it in an electroporation buffer with target delivery molecules. b) The schematic illustration shows top-view of the DMF
device and the formation of the triDrop through a series of electrode actuation. The red lines (in frame 4) indicate the electric field lines generated
during application of high-voltage pulses. The inset shows the cross-sectional view of the triDrop. c) After electroporation, samples were then incubated
(>24 h) for cell recovery and followed by d) analysis using FACS or with fluorescent microscopy or any analytical method of interest.

The triDrop instrument is comprised of multiple components
(Figure S1, Supporting Information): the DMF device for the
droplet manipulations, our imaging setup for visualizing the
droplets on the device, an electroporation pulse circuit, and a
DMF actuation circuit with open-source code (see BitBucket reg-
istry in Methods). The DMF device is comprised of two plates:
the bottom plate, which contains the reservoir and driving elec-
trodes to create the triDrop structure, and the top plate, which
contains Au-lines for applying the electroporation pulses to the
triDrop structure as well as the grounding plane for the DMF
driving voltage. The droplets sandwiched between the plates are
comprised of either high or low-conductivity buffers containing
mammalian cells and various payloads for delivery. Once the
samples are loaded, the triDrop structure can be formed easily
using our previously shown DMF platform[38,46] which allows for
complete automation of all dispensing, actuation, and merging as
well as automating the application of programmable high voltage
pulses for electroporation.

The process of triDrop electroporation is shown in
Figure 1b. A key feature of the system is the use of low
cell numbers – users can input a low number of cells 20 000
to 40 000 cells per reaction for efficient transfection. Upon
inputting cells into the reservoirs, three 1 μL droplets were
dispensed, actuated to an electroporation site, and merged into
a sequential chain as shown in Figure 1b (hereby referred to as
the triDrop structure). Within the triDrop structure, the inner
droplet (hereby referred to as the sample droplet) was comprised

of low conductivity media (𝜎 ≈ 8 mS cm−1) and contained
mammalian cells in suspension along with the payload to be
delivered into the cells (in our work, the payloads used are
dextran molecules of various sizes, mRNA, plasmids, or Cas9
proteins). The outer droplets (hereby referred to as the liquid
electrodes) were comprised of high conductive media (𝜎 ≈ 16 mS
cm−1) and were in contact with gold electrodes fabricated into
the device top plate and provide an electrical connection between
the metal electrodes and the sample droplet, similar to forming a
liquid electroporation cuvette. After merging the three droplets
into the triDrop structure, mixing was limited to diffusion and
the structure consisted of three discrete regions for over 30 s
post-merge (Figure S2a, Supporting Information), which allowed
time for delivering high-voltage pulses to the gold electrodes and
electroporating the cells. The electroporation process was com-
plete within 5 s of droplet merging and the total time for triDrop
implementation from reservoir loading to electroporation was
≈3 min for three triDrop structures (Supplementary Video).
Immediately after electroporation, cells were loaded off-chip for
post-electroporation culture for up to 7 days (Figure 1c) and were
analyzed using microscopy, flow cytometry and validated with
fluorescent-based assays (Figure 1d). To our knowledge, the
triDrop system shows state-of-the-art transfection efficiency with
exceptional viability throughout and is the first technique shown
for scalable mammalian cell electroporation on DMF devices
and joins a small collection of microfluidic devices capable of
transfecting primary human immune cells.[15–26]
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Figure 2. System characterization and optimization for triDrop electroporation with HEK293 cells. a) Illustrations showing different droplet liquid struc-
tures used for electroporation characterization. Pink droplets represented high conductivity media (𝜎 ≈ 16 mS cm−1) and blue droplets represent low
conductivity media (𝜎 ≈ 8 mS cm−1). b) Plots showing transfection efficiency (TE; dark blue), viability ratio (VR; light blue) and mean fluorescence
intensity (MFI) fold-change (green) for five different droplet electroporation structures when inserting a 70 kDa FITC-tagged dextran molecule. Signif-
icance markers (p < 0.05, n = 3) are in reference to the triDrop arrangement. Plots showing the c) transfection efficiency, d) viability ratio, and e) MFI
fold-change with respect to the applied electric field using the triDrop system for the insertion of 70 kDa FITC-tagged dextran molecule into HEK293
cells. The statistical analysis was performed via an ordinary one-way ANOVA (n = 3). Graphical representation showing the f) efficiency, viability ratio,
and MFI fold-change for the Neon (standard) versus the triDrop system. These quantitative values were obtained from g) the cell counts displaying
FITC fluorescence from electroporated and non-electroporated samples from the Neon system and the triDrop. SEM are calculated based on n = 3. n.s
indicated no significant difference, *, **, and *** represent p-Values below 0.05, 0.01, and 0.001 respectively. Statistical analysis was performed using
an ordinary one-way ANOVA.

2.2. Characterization of the triDrop System

In initial experiments, we explored the use of co-planar elec-
trodes paired with various droplet structures to generate a
sufficient electric field to insert 70 kDa FITC-tagged dextran into
the easy-to-transfect HEK293 cell line. The droplet structures
tested here are shown in Figure 2a and described as follows: 1)
a uniform structure – one homogenous 3 μL droplet comprised
of either high or low conductivity medium with the cells and
payload distributed homogenously throughout, 2) a focused

structure – three 1 μL droplets comprised of the same media that
are merged together with only the middle droplet containing
cells and payload, and 3) a triDrop structure – two droplets of
high conductivity buffer flanking a droplet with low conductivity
buffer containing cells and payload. Three, 200 VDC pulses, 10 ms
in duration (determined via numerical simulations) were applied
to the droplet structures, and the results were analyzed using
three metrics, transfection efficiency (TE), viability ratio (VR),
and mean fluorescence intensity (MFI) fold change. Figure 2b
shows that the triDrop structure has significantly higher TE
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(89%) and MFI fold change (79) than any of the other droplet
structures while still maintaining a viability ratio of >90% (p <

0.05, n = 3). Additionally, we show that the success of the triDrop
structure can be recreated without a significant difference when
the middle droplet is comprised of another low conductivity elec-
troporation buffer (𝜎 ≈ 7.4 mS cm−1) but not when using high
conductivity electroporation buffers (𝜎 >15 mS cm−1) (Figure
S3, Supporting Information). To understand the experimental
results above, we developed a COMSOL simulation of the uni-
form and triDrop structure described in Figure S4 (Supporting
Information), and the results shown in Figures S5 and S6 (Sup-
porting Information). The simulation of the uniform structure
shows the outer regions of the structure experience electric fields
that are low for mammalian electroporation (< 0.2 kV cm−1),[47]

regions close to the gold electrodes have a high but inconsistent
electric field (≈0.7 kV cm−1), and the middle section of the
droplet structure has a homogenous electric field that is too low
for electroporation (0.35 kV cm−1). Comparing this to the simu-
lation of the triDrop structure shown in Figure S6c (Supporting
Information), forming the outer droplets using high conductive
media and the inner droplet using low conductivity media re-
sults in a homogenous electric field (0.55 kV cm−1) that focuses
across the middle of the triDrop structure, solving the problem
of heterogenous electric field generation that has plagued other
droplet electroporation systems.[48] In the triDrop configuration,
all the cells (which are entirely located in the middle droplet)
experience a consistent electric field while being exposed to a
significantly lower current than common benchtop systems (≈30
mA vs 3000 mA)[49] (Figure S7, Supporting Information). This
is an important result because isolating the cells in the middle
of the droplet structure will prevent harmful electrochemical
species (generated at the metal-liquid interface)[50] from chang-
ing the pH of the cell media and negatively affecting the health
of the cells (see images of pH test in Figure S2b, Supporting
Information). Given these observations, the triDrop structure
offers optimal results compared to the uniform or focused liquid
structures when using identical electroporating conditions.

We hypothesized that the three quantitative metrics (TE, VR,
and MFI-fold change) for the triDrop structure might be im-
proved by varying the applied electric field. To test this hypoth-
esis, a range of electric fields were applied to determine the op-
timal field for inserting 70 kDa FITC-tagged dextran molecules
into HEK293 cells. These data, shown as line graphs in Figure 2c-
e, confirm that there is range of fields (0.5-0.63 kV cm−1) to
achieve excellent TE (≈ 90%), VR (≈ 90%), and MFI fold change
(>80). Repeating this optimization for Jurkat and HeLa cells
(Figure S8, Supporting Information) reveals a slightly higher ef-
fective range (0.75-0.90 kV cm−1). These applied fields place us
within the expected range reported by other high-performance
electroporation devices.[20,44] A list of all electroporation condi-
tions tested throughout this study and the corresponding param-
eters can be found in Table S1 (Supporting Information).

To evaluate the triDrop method relative to gold standard prac-
tices (Neon transfection system), a series of transfections were
performed using HeLa cells and dextran as the payload. All pulse
parameters for triDrop are identical to those described above and
the Neon was operated using the manufacturer-recommended
settings. The key differences between the systems are that the cell
numbers used for the triDrop were lower than the Neon and sam-

ple volumes for transfection were reduced. When working with
HeLa cells the Neon requires 10 μL of sample at a concentration
of 5 × 106 cells mL−1 (50 000 total cells) whereas the triDrop re-
quires only 1 μL at a concentration of 2× 107 cells mL−1 (20 000 to-
tal cells). As shown in Figure 2f, cells transfected with the triDrop
show very similar high metrics as the Neon (TEs >98%, VRs
>95% and MFI fold change >125). The transfection efficiency
was calculated by flow cytometry analysis with the results of the
FITC fluorescence counts (for ≈15 000 events) to be very simi-
lar for both systems (but different than the non-electroporated
control cells) (Figure 2g). These experiments show that our tech-
nique can achieve similar metrics as the standard mammalian-
based transfection system with lower cell numbers. As described
below, these low cell numbers enabled our work with primary T-
cells, which are usually difficult to transfect when cell numbers
are below 1 × 106 cells since their post-electroporation viability
decreases significantly.[28,33]

2.3. Immortalized Cells

To further evaluate the capacity to transfect mammalian cells,
different payloads were delivered to three commonly used im-
mortalized cell types: HEK293, HeLa, and Jurkat cells. Each set
of cells was prepared and loaded into the DMF platform (as in
Figure 1b) and was transfected with four different payloads: 70,
250, and 2000 kDa FITC-tagged dextran, and a 5 kb eGFP plas-
mid. Figure 3a,b shows the quantitative metrics for the typical
model transfection cell line HEK293 and HeLa cells for the three
different dextran sizes (along with a non-electroporated control)
respectively. As shown, the metrics are excellent, with a TE >90%
(left-side y-axis), VR >90% (left-side y-axis), and >80 MFI fold-
change (right-side y-axis). In fact, the triDrop system was able
to insert the large 2000 kDa FITC-tagged dextran molecule (hy-
draulic diameter ≈ 55 nm)[51] into both HEK293 and HeLa cell
lines with a TE and VR of >90%. These results show that the de-
livery of large molecules into the cytosol of HEK293 and HeLa
cells using triDrop is efficient and suggests that the system will
be capable of delivering fully formed proteins of similar size or
other large molecules.[25]

Moving towards a more biologically relevant payload, we per-
formed the same protocol for delivering plasmids. Figure 3c
shows the TE and VR for HEK293 and HeLa cells, as shown, we
obtained a TE and VR of 71% and 90% for HEK293 and 60%
and 99% for HeLa with both cell types showing healthy mor-
phology after transfection (Figure S9, Supporting Information).
These results were obtained via flow cytometry and ≈15 000 cell
events were collected for each sample and the frequency fluores-
cence histogram is depicted in Figure 3d (HEK293) and Figure 3e
(HeLa). In both cases, the control population showed very min-
imal fluorescence (see grey histogram) while the eGFP positive
cells (showing successful triDrop electroporation) were shifted
towards higher fluorescence than the control (see green plots).
We note that plasmid transfection poses a greater challenge as it
requires nuclear delivery rather than just cytosolic delivery. Con-
sequently, the delivery rates of plasmids are often lower com-
pared to dextran molecules or mRNA molecules.[52,53] Regard-
less, these data confirm the triDrop system can be used to insert
both large payloads as well as biological payloads which have been
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Figure 3. Intracellular delivery of diverse payloads in HEK293 and HeLa cells using triDrop electroporation. Plots of transfection efficiency, viability ratio,
and MFI fold-change comparing an un-electroporated control vs the triDrop system for the insertion of 70, 250, and 2000 kDa FITC-tagged dextran
molecules for a) HEK293 cells and b) HeLa cells. c) Plots of transfection efficiency and viability ratio for HEK293 and HeLa when inserting an eGFP
plasmid. Fluorescence intensity histograms showing GFP expression for d) HEK293 cells and e) HeLa cells vs a non-electroporated control. Inset shows
fluorescence images of (d) HEK293 cells and (e) HeLa cells expressing the eGFP plasmid. All plots with error bars are based on standard error of the
mean for n = 3 replicates.

challenging to deliver for other microfluidic-based mammalian
transfection devices.[54]

Next, we tested our system with Jurkat T-cells since they
have been shown to be a suitable model in immunotherapy
research[27] and have a reputation for being more difficult to
transfect cell lines.[55] Here, we followed the same protocol as
above – electroporating three different dextran molecules (70,
250, and 2000 kDa), and eGFP plasmid. Additionally, we included
an mRNA payload given the increasing interest to use mRNA as
an immunotherapeutic molecule.[56] Figure 4a shows the dextran
results for our three metrics are quantitatively similar to HEK293
and HeLa – VR and TE >90%. The flow cytometry histogram
(Figure 4b) shows a full spectral shift towards higher fluores-
cence intensities for all three dextran sizes confirming that we
can efficiently insert large molecules into Jurkat cells with mini-
mal effect on viability. Furthermore, we transfected a 1 kb eGFP
mRNA and a 5 kb eGFP plasmid. Figure 4c shows results 24 h
post-transfection with the mRNA displaying an impressive TE
of 95% (measured via frequency histogram Figure 4d), a VR of
98%, and an MFI fold-change of >500 while using only 2 pico
grams of mRNA per cell. Electroporation with both payloads did
not negatively influence the morphology of the cells (Figure S9,
Supporting Information), however, the plasmid (measured 48 h
post-transfection) showed a modest TE of 40% (measured via fre-

quency histogram Figure 4e), and a VR of 96% and a very modest
MFI fold-change of ≈12. Taken together, these data suggest that
the triDrop technique is suitable for both types of payloads for
Jurkat cell transfection, with mRNA having higher TE, similar to
previous microfluidic transfection works.[18]

As a final proof-of-principle in Jurkat cells, the triDrop
system was used for an on-chip CRISPR knock-out of the 𝛽-2-
microglobulin (𝛽2M) gene. The 𝛽2M gene codes for a protein
that serves as a key structural element in all major histocompati-
bility (MHC) class 1 molecules[57] and when the gene is impaired
it can no longer form and be expressed on the cell surface mak-
ing this an ideal target for an easily detectable proof-of-concept
knockout. Jurkat cells were mixed with a Cas9 RNP containing
either a scrambled gRNA or a gRNA targeting the 𝛽2M gene and
loaded on to the chip for triDrop electroporation, immediately
post electroporation cells were moved off-chip and into recovery
buffer and left to incubate for 72 h. After recovery, cells were
blocked for non-specific binding and then stained with a FITC-
tagged antibody targeting MHC class 1 molecules. Figure 4f
depicts histogram data for the three different conditions – con-
trol (no triDrop electroporation, grey line), non-targeting gRNA
(triDrop electroporation with a scrambled gRNA, blue line),
and 𝛽2M targeting gRNA (triDrop electroporation with a 𝛽2M
specific gRNA, green line). All three populations had high
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Figure 4. Intracellular delivery of diverse payloads into Jurkat cells using triDrop electroporation. a) Plots of transfection efficiency, viability ratio, and MFI
fold-change comparing a non-electroporated control vs the triDrop system for the insertion of a 70, 250, and 2000kDa FITC-tagged dextran molecules.
b) Fluorescence intensity histograms showing the FITC expression comparing the control with the three different dextran molecules inserted using the
triDrop system. c) Plots of transfection efficiency, viability ratio, and MFI fold-change for the insertion of eGFP-mRNA, and eGFP-plasmid using the
triDrop system. Fluorescence intensity histograms showing GFP expression for d) eGFP-mRNA and e) eGFP-plasmid inserted using triDrop electropo-
ration vs. a non-electroporated control. Inset shows fluorescence images for cells expressing (d) eGFP-mRNA and (e) eGFP-plasmid. f) Fluorescence
intensity histograms showing the FITC expression comparing a control vs. non-targeting gRNA vs 𝛽2M targeting gRNA populations after staining with
a FITC-tagged anti-𝛽2M antibody. g) Fluorescence images overlaid with bright field images showing (left) cells electroporated with a non-targeting
(nt) gRNA and (right) cells electroporated with a gRNA targeting the 𝛽2M gene and stained with a FITC-tagged anti-𝛽2M antibody. h) Plots of 𝛽-2-
microglobulin knockout efficiency comparing a non-electroporated control vs. cells electroporated with a Cas9 protein conjugated with a non-targeting
gRNA vs. cells electroporated with a Cas9 protein conjugated with a gRNA targeting the 𝛽-2-microglobulin gene. All plots with error bars are based on
standard error of the mean for n = 3 replicates.

Adv. Mater. Technol. 2023, 2300719 2300719 (7 of 15) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Intracellular delivery of valuable payloads into human primary CD4+ T cells using triDrop electroporation. a) bright-field (left) and fluorescence
(right) images showing GFP expression 48 h post electroporation with the triDrop system. b) Plots of transfection efficiency and viability ratio comparing
an un-electroporated control vs the triDrop system for the insertion of a 5kb eGFP plasmid 48 h post-transfection. c) Viability measurements for 7 days
of post-electroporation culture comparing a non-electroporated control vs. the triDrop system. d) Plots of transfection efficiency, viability ratio, and
MFI fold-change comparing samples electroporated with different electroporation buffers. e) The cell increase of samples relative to day 1 for 7 days of
post-electroporation for samples electroporated vs. non-electroporated control. All plots with error bars are based on standard error of the mean for n
= 3 replicates.

viabilities (≈95%), however, only cells that
were electroporated with the 𝛽2M specific
gRNA show a knockout population which is
represented by cells with a lower fluorescence intensity (i.e., a
peak is shown on the left of the dotted line). As illustrated in rep-
resentative images after staining, cells remain healthy after 72 h
(≈ 95% viability) and only those with knocked out 𝛽2M show cells
with no fluorescence (Figure 4g). The knockout efficiency is sum-
marized in Figure 4h and shows an average knockout efficiency
of 35% for the cells electroporated with the 𝛽2M targeting gRNA
whereas the two control populations both have < 2% knock-
out. In sum, the gene-editing application here shows that the
triDrop platform can deliver complex payloads into mammalian
cells.

2.4. Primary T cells

With the rise of immunotherapy showing promise for cancer pa-
tients, much research has been put into transfecting primary T
cells.[58] While Jurkat cells can provide promising initial indica-
tors for immunotherapies, final tests must be done in primary

human immune cells.[27] Currently, there is no technology that is
capable of generating libraries of engineered primary T cells in
an automated and arrayed fashion without requiring millions of
cells. To demonstrate the high-impact applicability of the triDrop
system, we demonstrate the transfection process for primary hu-
man CD4+ T cells.

We first optimized the triDrop electroporation protocol for
the insertion of the 2000 kDa dextran payload. Given the sen-
sitive nature of these cells, we explored reducing the pulse du-
ration as this parameter is known to have a significant effect
on cell viability.[47] For each condition, three, 450 V pulses were
applied with a duration of 1 ms, 3 ms, or 10 ms. As shown in
Figure S10a–d (Supporting Information), reducing the pulse du-
ration (1 and 3 ms) was found to have the optimal metrics with
3 ms yielding the highest TE while still yielding VRs >90%. The
system was further assessed with a plasmid payload. The rep-
resentative images of the cells after 48 h post-transfection with
an eGFP plasmid show healthy morphology and cells produc-
ing eGFP (Figure 5a). The electroporated cells were compared to
cells that were not electroporated via flow cytometry histograms
(Figure S10e,f, Supporting Information). We quantified the VR
as well as the TE, and as shown in Figure 5b, the triDrop electro-
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porated cells show a VR of 81% and a TE >38%. These are good
metrics for plasmid delivery into primary T cells comparing mod-
estly with some commercially available systems such as the Neon
(64% TE and 94% viability),[59] the Lonza system (70% TE, 60%
viability),[60] or the Celetrix system (40% TE, 50% viability).[28]

The viability of electroporated cells were monitored daily for
the one-week post-electroporation and compared against a non-
electroporated control. It was observed that the health of the elec-
troporated cells is comparable to that of non-electroporated cells
by day 5 (Figure 5c) and, 7 days post electroporation, both the con-
trol population and the electroporated population had viabilities
>95% (also shown by the forward and side scatter plots – Figure
S10g, Supporting Information).

In addition, we show the delivery of eGFP mRNA using
cell culture media as our electroporation buffer. The delete-
rious effects of long-term exposure to electroporation buffer
on mammalian cells are well-documented[61] and many buffer
manufacturers recommend minimizing the time cells spend in
the buffer. Furthermore, proprietary electroporation buffers can
be prohibitively expensive.[62] A unique feature of our triDrop
system is the ability to generate the electric field focusing effect
on a wide variety of different media if the flanking droplets are
comprised of a higher conductivity solution. We created a very
high conductive solution (𝜎 ≈ 32 mS cm−1, recipe in Tables S2
and S3, Supporting Information) to use as a flanking buffer for
primary T cells suspended in RPMI (𝜎 ≈ 15 ms cm−1) to main-
tain the high-low-high buffer conductivity triDrop structure.
Figure 5d shows a comparison between cells electroporated in
low conductivity buffer with the original triDrop configuration
compared to cells electroporated in culture media using the
very high conductive flanks. Both conditions show impressive
results, however, as predicted, the cells electroporated in the cul-
ture media had superior VR (90% vs 82%) and higher TE (89%
vs 78%). The electroporated cells were allowed to grow out for
5 days post-electroporation and were found to proliferate at a rate
comparable to that of non-electroporated cells. After 5 days of
culture electroporated cells and control cells show a similar fold
increase with a ≈19 and ≈15-fold population increase respec-
tively (Figure 5e). Compared to four recent high-performance
microfluidic transfection systems[18,20,21,63] for the insertion of
mRNA into primary human T cells, the triDrop can achieve the
best percentage of cells that are both living and transfected while
using the least amount of mRNA per cell (Figure S11, Supporting
Information).

Finally, we showcase our triDrop system for CRISPR-Cas9
gene editing in primary human CD4+ T cells. First, we per-
formed a knockout targeting a well-established 𝛽2M gene.
Figure 6a depicts histogram data for a non-electroporated condi-
tion (grey line), a condition electroporated with a non-targeting
gRNA (blue line), and a condition electroporated with a 𝛽2M-
targeting gRNA (green line). All cells were stained with a FITC-
tagged anti-𝛽2M antibody four days post-electroporation. As ex-
pected, the control condition and the condition electroporated
with a non-targeting gRNA show complete expression of the 𝛽2M
protein, however, the condition electroporated with the target-
ing gRNA show a significant leftward shift indicating substan-
tially reduced 𝛽2M expression (i.e., reduced fluorescence). In ad-
dition, Figure 6b shows that after four days post-electroporation,
the triDrop system (and the editing) has no observable im-

pact on cell health when compared to the control condition
as determined by staining with DAPI. We also measured the
knockout efficiency for these three conditions, and as shown in
Figure 6c, the targeted 𝛽2M gRNA shows an average knockout
efficiency of 70%, which is similar to previously shown microflu-
idic gene editing systems when targeting this gene in primary
cells.[64]

The final assay was motivated by widespread interest in per-
forming arrayed gene editing on primary T cells for immunother-
apeutic discovery.[65] We combined the triDrop gene editing capa-
bilities with our DMF platform’s capacity for parallelized automa-
tion to perform an automated, 5-plex arrayed gene editing exper-
iment. As a model system, we targeted the knockout of the T cell
receptor alpha constant (TRAC) locus due to the recent interest
in using this site for T cell receptor therapies.[66] The device and
method shown in Figure 6d were designed with additional sam-
ple reservoirs to hold cells suspended in low-conductivity electro-
poration buffer mixed with one of the unique guide conditions
and additional electroporation sites to increase parallel process-
ing. Four gRNAs were designed (sequence in Table S4, Support-
ing Information) and arranged into 10 unique conditions to tar-
get the TRAC locus as summarized in Figure 6e. To perform this
experiment, we followed the same protocol as before except for
using a chip capable of performing five unique triDrop electro-
porations in parallel (Figure S12, Supporting Information). Gen-
erally, these types of multiplexed experiments require at least
200 000 cells per condition,[64] however, for our experiments (20
total electroporation reactions), fewer than 1 million cells from
a single donor were used for all conditions. Figure 6f summa-
rizes the knockout results as measured via flow cytometry 4 days
post-electroporation. As expected, all conditions had knockout ef-
ficiencies significantly different than the non-targeting and the
control (p < 0.05), with each condition achieving at least 30%
average knockout. Interestingly, cells electroporated with mul-
tiple gRNAs had significantly higher knockout efficiencies than
cells electroporated with only one gRNA (p < 0.001, Figure S13,
Supporting Information), and the full combination of all four
gRNAs together had the highest average knockout (67%) which
is inline with previously shown results.[67] Histogram plots de-
picting TCR expression with the best result from each condition
are shown in Figure 6g. These results show that triDrop electro-
poration can be combined with high throughput DMF automa-
tion to perform arrayed CRISPR experiments with high-value cell
lines.

The capability to perform electroporation at these lower cell
numbers is a significant challenge with current commercially
available techniques, rather these systems are required to use
at least ≈ 200 000 cells, and usually between 1–2 million cells
per condition when working with sensitive cell lines. TriDrop
is an efficient technique with excellent viabilities and transfec-
tion efficiencies (>90%) for immortalized and primary cells alike
while requiring only 40 000 cells for a single reaction. More-
over, we have shown that the triDrop system can be combined
with DMF for a simple arrayed CRISPR screen while using
fewer than one million primary human T cells, and we hope
in the future this capability can be expanded to test large li-
braries of novel constructs on rare cells. This capability will accel-
erate the pace of immune cell engineering, requiring less time
and resources to grow and culture cells during research and
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Figure 6. CRISPR-Cas9 gene editing applications in human primary CD4+ T cells using triDrop electroporation. a) Fluorescence intensity histograms
showing the FITC expression comparing a control vs. non-targeting gRNA vs 𝛽2M targeting gRNA populations after staining with a FITC-tagged anti-𝛽2M
antibody. b) Fluorescence intensity histograms showing the DAPI staining comparing a control vs. electroporated population after four days of culture.
c) 𝛽2M knockout efficiency summary for three conditions. d) Schematic illustrations showing the operations of an automated DMF platform capable of
the simultaneous electroporation of 5 unique samples. e) Summary of all conditions for the arrayed automated gene editing experiment. f) Summary of
TRAC-knockout efficiency for all 10 conditions plus a non-electroporated control. g) Fluorescence intensity histograms showing TCR expression for all
10 analyzed conditions. Error bars are based on standard error of the mean for (c) n = 3 replicates and (f) n = 2 replicates. * Represents p-values below
0.05. Statistical analysis was performed using an unpaired t-test.

development stages, while also making it more affordable due
to less consumption of expensive reagents like Cas9 proteins
and gRNAs. We believe the triDrop system will help lift barri-
ers in immune cell engineering and open the door to discover-
ing new therapeutic breakthroughs via high throughput arrayed
screening.

3. Conclusion

We show for the first time the ability to perform highly efficient
and highly viable electroporation of immortalized and primary
mammalian cells on a DMF platform using a tri-droplet liquid
structure. Moreover, our platform can work with low quantities
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of mammalian cells, which can be cost-efficient and expedite the
engineering workflow for mammalian cells. We compared our
system with the Neon system and showed very comparable trans-
fection results. Additionally, as an application, we described re-
sults relating to performing five unique CRISPR edits in parallel
while using the human primary T cells. We propose such a plat-
form would be potentially integrated with other DMF devices for
end-to-end automation of mammalian cell engineering[68] simi-
lar to what has been shown previously for microbial cells[68,70] and
be used for applications related to the field of genome editing and
cell-based immunotherapies.

4. Experimental Section
Reagents and Materials: Unless specified otherwise, general-use

chemicals and kits were purchased from Sigma-Aldrich (St. Louis, MO).
Device fabrication reagents and supplies included chromium-coated glass
slides, and gold-coated glass slides with AZ1500 photoresist from Telic
(Valencia, CA), MF-321 positive photoresist developer from Rohm and
Haas (Marlborough, MA), chromium etchant 9051 and gold etchant TFA
from Transene (Danvers, MA), AZ-300T photoresist stripper from AZ
Electronic Materials (Somerville, NJ), Teflon-AF 1600 from DuPont Flu-
oroproducts (Wilmington, DE). Transparency masks for device fabrica-
tion were printed from ARTNET Pro (San Jose, CA) and polylactic acid
(PLA) material for 3D printing was purchased from 3Dshop (Mississauga,
ON, Canada). General chemicals for tissue culture were purchased from
Wisent Bio Products (Saint-Bruno, QC, Canada). eGFP plasmid (Figure
S14, Supporting Information) and mRNA (Table S4, Supporting Informa-
tion for sequences) for this study were acquired from Addgene (catalog:
54767) and TriLink Biotechnologies (catalog: L-7201) respectively. Elec-
tronic components were obtained from DigiKey (Thief River Falls, MI).
Electroporation buffers were obtained from Harvard Apparatus Canada
(St Laurent, QC), Thermo Fisher Scientific (Burlington, ON), or made in-
house (see Table S3, Supporting Information). Neon transfection reagents
were purchased from Thermo Fisher Scientific (Burlington, ON).

TriDrop Device Fabrication and Setup: TriDrop devices, each compris-
ing a bottom plate with Cr-based electrodes and a top-plate with Au-based
electroporation electrodes, were fabricated at Concordia’s cleanroom fa-
cility using transparent photomasks printed at 25 400 dpi (Artnet Pro, Ban-
don, OR). An overview of the fabrication process is illustrated in Figure S15
(Supporting Information). DMF bottom plates bearing chromium elec-
trodes coated with a SU-8 5 dielectric and Teflon-AF hydrophobic layer
were formed using a previously outlined methodology.[71] Each bottom
plate features an array of 30 actuation electrodes (2 mm by 2 mm), 12
reservoir electrodes (2.9 mm by 5.5 mm) arranged into 3 reservoirs, 6 ac-
tive dispensing electrodes (2 mm by 2 mm), and 3 splitting electrodes
(3.8 mm × 3 mm). The electrode array has inter-electrode gaps of
150 mm and each electrode was connected to a pogo-pin holder.

TriDrop top plates bearing gold electrodes (0.2 mm wide) were formed
from a glass substrate coated with 100 nm gold adhered to a seed
chromium layer (≈12 nm). To form the gold electrodes, top plates were
spin-coated (10 s 500 rpm, 30 s 3000 rpm, 20 s 5000 rpm) in S1811, ex-
posed through a transparent mask, developed using Microposit MF321
(2 min), washed with DI water, submerged in gold etchant (2 min), washed
with DI water, and submerged in AZ stripper to remove the remaining
photoresist before being washed with acetone, IPA, and DI water, and
dried with nitrogen. To disconnect the chromium from the gold wiring,
we followed the above protocol except using CR-4 etchant to remove the
chromium. To insulate the gold electroporation electrodes from the Cr-
grounding layer, the top plate was surface treated for 45 s in a plasma
cleaner (Harrick Plasma PDC-001, Ithaca, NY) before coating a 5 μm di-
electric of SU8-5. Briefly, the photoresist was spin-coated (10 s 500 rpm,
30 s 2500 rpm), followed by a soft bake (65 °C 2 min, 95 °C, 10 min),
exposed to UV light through a custom mask (5 s), post-exposure baked
(65 °C 2 min, 95 °C 10 min), developed in SU8 developer (15 s), rinsed

with IPA and DI water, dried with nitrogen, and then hard baked (180 °C,
10 min). Bottom plates were spin-coated with Teflon-AF 1600 in 2% w/w in
Fluorinert FC-40 (10 s 500rpm, 30s 1500rpm). To assemble the completed
triDrop device, the top and bottom plates were assembled using two layers
of double-sided tape (180 μm total thickness, 3M), and the gold electrode
on the top plate was aligned directly above electroporation sites on the
bottom plate.

Cell Culture: HeLa and HEK293 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) and Jurkat cells in RPMI-1640 (kindly
provided by Prof. Alisa Piekny, Concordia). All media contained 10%
heat-inactivated fetal bovine serum (FBS) and 100 U mL−1 peni-
cillin/streptomycin. Cells were passaged every 2–3 days and maintained
in a humidified chamber at 37 °C with 5% CO2. For triDrop experiments,
HeLa and HEK293 cells were passaged by first washing with PBS, then
trypsinizing with 0.25% trypsin-EDTA followed by washing with DMEM
before seeding cells in a fresh flask at 2 × 105 cells mL−1. Jurkat cells were
passaged by centrifuging at 300 g for 5 min to pellet the cells, aspirat-
ing the media, and resuspending in RPMI before seeding at 1 × 105 cells
mL−1. Prior to electroporation, aliquots of 600 000 cells were prepared and
resuspended with target molecules in EP buffer to a final volume of either
15 μL or 30 μL.

Primary human CD4+ T cells were either purchased from BPS bio-
science (catalog #79752, San Diego, CA) or separated from fresh primary
blood and purified using EasySep Human CD4 T cell Isolation kit to a pu-
rity of 95% (STEMCELL Technologies, Canada, Catalog # 17952) (Figure
S16, Supporting Information). All cells were kept in liquid nitrogen prior to
use. For experiments with plasmid, mRNA, and dextran, cells were thawed
and cultured in a complete culture medium consisting of RPMI-1640 with
10% FBS, 100 U mL−1 penicillin/streptomycin, and 100 IU mL−1 recombi-
nant human IL-2 (Fisher Scientific Ottawa, ON). After 24 h, the cells were
activated with Human T-Activator CD3/CD28 Dynabeads (Fisher Scientific
Ottawa, ON, #11131D) and were incubated for up to 48 h. After incuba-
tion, activator beads were removed following the manufacturer’s proto-
col by first gently pipetting up and down to release cells from the activa-
tor beads followed by transferring the cells to a magnetic tube rack for
1–2 min to allow for cells and beads separation and the supernatant con-
taining cells was transferred to a fresh tube. Primary T cells were counted
using TC20 Automated Cell Counter (BioRad, CA) and maintained at 1 ×
106 cells mL−1 by daily addition of complete culture media. Prior to elec-
troporation, cell aliquots of 600 000 cells were prepared and resuspended
with target molecules with EP buffer to a final volume of 15 μL for each
unique condition. For gene editing experiments with primary T cells, cul-
ture conditions were adapted from Roth et al.[33] Briefly, cells were thawed
into culture media supplemented with, 10% FBS, 200 IU mL−1 IL-2, 10 ng
mL−1 IL-7 (Peprotech, cat no: 200–07), and 5 ng mL−1 IL-15 (Peprotech,
cat no: 200–15). Post-electroporation cells were recovered in the same me-
dia cocktail but with IL-2 levels increased to 500 IU mL−1.

Bulk Electroporation: Prior to electroporation, HeLa cells were seeded
the day before transfection (day 0) to reach 70–80% confluency by day 1.
Immediately before electroporation, adherent cells were trypsinized (us-
ing 0.25% trypsin-EDTA), washed, re-suspended in media, and counted
with TC20 Automated Cell Counter (BioRad, CA). The Neon transfection
system (Thermo Fisher) was then used to electroporate cells using the
manufacturer’s protocol following four steps: 1) cells were centrifuged at
300 g for 3 min and washed with 500 μL PBS before being resuspended
5 × 106 cells mL−1 in the Neon electroporation buffer. 2) FITC-tagged dex-
tran molecules were then added to a final concentration of 300 μg mL−1.
3) the electroporation sample was mixed (via gentle up-and-down pipet-
ting) and transferred to the Neon capillary electroporation tip and was
electroporated using the parameters recommended by the manufacturer
for HeLa (1005 V, 2 pulses, 35 ms), and 4) immediately after electropora-
tion, cells were placed into a six-well plate containing 2 mL of pre-warmed
culture media for cell recovery. Cells were only maintained in their propri-
etary electroporation buffer for a maximum duration of 20 min to preserve
cell viability.

TriDrop Automation and Operation: The bottom plate of the triDrop
device was placed on a pogo pin holder that has been propped to a
height 20 cm above the benchtop using a chassis constructed from
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T-slotted aluminum extrusions purchased from McMaster-Carr (catalog
#: 47065T101, Aurora, OH) and machined and assembled in-house.
The system is connected to a 720-pixel, 30 frames-per-second camera
(Skybasic, Houston TX.) to visualize droplet movements on the device
(Figure S1, Supporting Information). A 12-input card edge connector from
Digikey (catalog #: 151-1410-ND, Thief River Falls, MI), was attached to
the top plate of the triDrop device and connected via three leads (DMF
ground, High Voltage DC, DC ground). Two DC leads were connected to an
electroporation pulse circuit (Figure S1, Supporting Information) and one
lead was used to provide the electrical connection for the DMF ground.
The electroporation circuit consisted of an 8-pin optocoupler (Model #:
AQW216EH) purchased from Digikey was connected to a Z650-0.32-U DC
power source (TDK-Lambda) and controlled by an Arduino Uno running a
custom pulse generating program, creating custom pulses of varying am-
plitudes and durations (100 – 450 VDC, 1–10 ms in duration). For automat-
ing droplet movement on the device, see the previously published work for
circuit and connectivity.[46] The electroporation and DMF actuation cir-
cuit were controlled by our in-house software which is available on our
bitbucket registry (https://bitbucket.org/shihmicrolab/littleleung_2023).
Droplet movements were programmed by application of AC potentials
(300 – 400 VRMS) at 15 kHz between the top and bottom plates. The DMF
actuation software was also used to initiate the electroporation pulse cir-
cuitry to ensure immediate and uniform pulse application after triDrop
merging.

TriDrop Electroporation: Prior to a triDrop experiment, HEK293, HeLa,
Jurkat, and primary T-cells were centrifuged at 300 g for 3 min, washed
twice with a custom 1SM buffer, and resuspended in Type T electropo-
ration buffer. For experiments using dextran molecules, cells, and dex-
tran molecules were prepared at a final concentration of 2 × 107 cells
mL−1 and 0.03 ng/cell respectively. For experiments with eGFP plasmid or
mRNA, the payload was added to the cell sample to achieve a concentra-
tion of 1.275 and 2 pg per cell respectively, with a final cell concentration of
4 × 107 cells mL−1. For CRISPR knock-out experiments, per 1 million
cells,100 pmol of sgRNA and 50 pmol of Cas9 were mixed and incubated
at room temperature for 10 min to allow for the formation of Cas9 RNP.
The Cas9 RNP was then immediately used or stored on ice until use, where
it was then added to cells in an electroporation buffer for a final concen-
tration of 4 × 107 cells mL−1.

TriDrop operation included four droplet operations and was imple-
mented using the triDrop automation system described previously. The
four steps include: 1) reservoir filling, 2) triDrop dispensing, 3) triDrop
merging, and 4) triDrop electroporation. Droplet operation can be visual-
ized in the Supplementary Video. The device consisted of three reservoirs:
two outer reservoirs were filled with PBS containing 0.05% Pluronics F-68
(which we refer to as high conductivity buffer, 𝜎 ≈ 16 mS cm−1) and the
middle reservoir was filled with cells and the desired payload suspended in
electroporation buffer containing 0.05% Pluronics F68 surfactant. Reser-
voirs were filled by pipetting 6 μL each onto the bottom plate at the edge
of the top plate and applying driving potentials to the three reservoir elec-
trodes to draw the fluids into the reservoir. Next, ≈1 μL single droplet
was dispensed from each reservoir by pulling and necking the liquid out
of the reservoir using a modified droplet dispensing system.[72] The cell-
containing droplet was actuated to the center of the electroporation site
and the two high-conductive droplets were actuated to the outer edges
of the electroporation site. The three droplets were merged by actuating
the high conductive droplets towards the cell containing droplet creating a
continuous three-droplet structure. Immediately upon merging, the elec-
troporation circuit was automatically triggered to deliver a sequence of
high-voltage DC square-wave pulses to the exposed Au-electrodes (on the
top plate) that were in direct contact with the PBS droplets (see Table S1,
Supporting Information for triDrop electroporation parameters). For ex-
periments using the uniform electroporation arrangement, all three reser-
voirs contained the same media with cells and payload suspended in ei-
ther electroporation buffer or PBS with 0.05% Pluronics F-68 surfactant.
For experiments using the focused electroporation arrangement, all three
reservoirs contain the same media (either electroporation buffer or PBS
with 0.05% Pluronics F68 surfactant), however, only the middle reservoir
contains cells and payload.

Immediately after triDrop electroporation, the top plate is removed, and
the electroporated cells (total volume ≈ 3 μL) were immediately removed
from the chip via pipetting and placed in a well plate that was pre-loaded
with warmed culture media. HEK293 and HeLa cells were cultured in flat
bottom 48 well plates post-electroporation for cell recovery. Jurkat and Pri-
mary T cells were cultured in a U-bottom 96 well plate post-electroporation
for cell recovery. All experiments with cells were incubated for a maximum
time of 20 min in an electroporation buffer to preserve optimal cell health.

Arrayed Gene Editing: An optimized gRNA design tool available from
Synthego was used to design four unique gRNAs targeting the TRAC locus
and were purchased from Synthego (see Table S4, Supporting Informa-
tion for sequences). The four unique guides were arranged into 10 unique
combinations: four individual guides, four conditions containing any
three gRNA combinations, one combination containing all four guides,
and one non-targeting gRNA. Prior to reservoir filling on the device, all
guide combinations were prepared in equal parts: 0.9 μL of each gRNAs
(100 pmol μL−1) combined with 1.2 μL of a Cas9 protein (30 pmol μL−1)
and were incubated for 10 min to form the RNP complex. 4 μL of primary
T-cells (see Cell Culture section for preparation) in type T electroporation
buffer of a density 4 × 107 cells mL−1 were mixed with 0.6 μL of the RNP
complex in a PCR tube for each combination. Immediately after prepara-
tion, cells and the RNP complex solution as well as the high conductivity
were loaded onto the device following the reservoir filling protocol above.
TriDrop electroporation and post-electroporation procedures followed the
protocol described above.

pH Measurements: Following previously established methods for ana-
lyzing pH change in microfluidic electroporators,[43] DMF reservoirs were
loaded with either high conductivity buffer (flanking reservoirs) or low
conductivity media with HEK293 cells at a concentration of 2 × 107 cells
mL−1 (middle reservoir) containing either phenolphthalein or Congo red
to test the pH changes above 9.0 and between 3 – 5.2, respectively. The
triDrop structure was formed following the procedure described above
and 3, 200 V pulses 10 ms in duration were applied. Images of the
droplets were taken every 1 s for 30 s using a wireless digital micro-
scope (Skybasic, Houston, TX) to monitor color changes in the middle
droplet.

Current Measurements: Electrical current was measured by placing
a 100 Ω shunt resistor in series and downstream of the triDrop top
plate. An oscilloscope was connected across the shunt resistor and
the voltage peak was recorded across the resistor during an appli-
cation of the electric potential (after forming the triDrop structure).
The system current was determined using the Ohm’s law relationship
(Imeasured = Vpeak/100 Ω).

Flow Cytometry: Viability, transfection efficiency (TE) and mean flu-
orescent intensity (MFI) were measured using a BD FACS Melody (BD
Bioscience, Canada). The FACS was equipped with three excitation lasers
(405, 488, and 561 nm) in a 2B-2V-4YG configuration. For all experiments
with dextran molecules, plasmids, or mRNA, cells were resuspended in
500 μL of culture media, washed by centrifuging (300 g, 5 min), and then
resuspended in 1 mL FACS buffer (1x PBS, 1 mM EDTA, 25 mM HEPES, 1%
FBS, pH 7.0), then centrifuged (300 g, 5 min), aspirated, and resuspended
in 600 μL of FACS buffer. For all samples, viability was assessed by staining
dead cells using 0.6 μL of DAPI (50 ng μL−1) added to the sample imme-
diately prior to FACS and mixed thoroughly with the sample by pipetting.
Dextran, plasmids, and mRNA were excited by a 488 nm laser and viewed
through a 527/32 filter. DAPI was used as an indicator for dead cells and
was excited by a 405 nm laser. Our gating protocol is shown in Figure S17
(Supporting Information). Briefly, a non-electroporated control containing
a payload was prepared using the above method and loaded into the FACS
machine. First, the data was analyzed by comparing forward scatter and
side scatter to identify which data points are cells. Next, the cell population
was analyzed comparing side scatter height and side scatter width to iden-
tify singlets. Once singlets were identified, a histogram plot was generated
for DAPI staining – separating living cells (DAPI negative) from dead cells
(DAPI positive). Finally, the living cell population was used to generate a
histogram showing FITC expression and this histogram was used to de-
fine the lower boundary of transfection with the gate being set to include
≈1% of the control population as transfected to account for endocytosis.
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For each condition, 15 000 events were collected at a rate of 100 events
s−1.

For CRISPR gene knockout experiments, cells were maintained in cul-
ture for 72 h post-electroporation. Following maintenance, the cells were
centrifuged (300 g, 5 min) and resuspended in 50 μL of culture media.
48 μL of culture media and 2 μL of Human TruStain FcX (Fc Receptor
Blocking Solution, BioLegend catalog #: 422301) were mixed to prevent
non-specific binding followed by 5 min of incubation at room tempera-
ture. After blocking, cells were spun down at 300 g for 5 min with the
supernatant removed, resuspended in 98 μL of culture media plus 2 μL
of FITC anti-human HLA-A,B,C Antibody (BioLegend catalog #: 311403),
and incubated for an additional 20 min in the dark at 4 °C. After stain-
ing, the cells were then washed twice in 1 mL of FACS buffer, centrifuged
(300 g, 5 min) to remove the supernatant, and resuspended in 600 μL of
FACS buffer. Similar to above, FACS gates are determined by running a
non-electroporated control to define normal 𝛽2M expression, and electro-
porated samples are compared against the control.

Post-Electroporation Analysis: FACS data was analyzed using FlowJo
(Ashland, OR). After gating out the doublets and cell debris, the viability
was measured as the percentage of living cells (DAPI negative) from a
sample. The viability ratio (VR) was then calculated as the ratio of the
viability of electroporated sample to the non-electroporated cells (i.e.,
control).

VR =
Viabilityelectroporated

ViabilityUnelectroporated
× 100 (1)

TE was calculated as the number of fluorescent living cells above the
threshold divided by the total number of living cells.

TE =
number of transfected living cells

total number of living cells
× 100 (2)

The background fluorescence of the cells was defined by using samples
with cells only with no electroporation.

MFI fold-change was calculated by measuring the mean fluorescent in-
tensity for non-transfected control cells as shown previously.[18] This pa-
rameter measures a relative increase in fluorescence intensity (i.e., bright-
ness) compared to a control.

MFI fold − change =
MFItransfected cells

MFIuntransfected cells
(3)

Relative cell increase was calculated by dividing the cell count on each
day post-electroporation by the cell count from day 1 post-electroporation.
The cell count was calculated by measuring the cell centration using T20
Automated Cell Counter (BioRad, CA) and the volume of culture medium
in each well.

Knockout efficiency was determined by dividing the number of living
cells below a fluorescence threshold by the total number of living cells.

Knockout Efficiency

=
number of living cells below fluorescence threshold

total number of living cells
× 100 (4)

For visual analysis, 48 h post electroporation, bright field and fluores-
cent images were taken a with 20x objective on an Olympus IX73 inverted
microscope (Olympus Canada, Mississauga, ON, Canada) and a 100× ob-
jective on a Zeiss Axio Observer 7 with an excitation wavelength of 480 nm
and a 470/40 nm excitation and 525/50 nm emission filter set (catalog #
49002, Chroma Technology Corporation, Bellows Falls, VT). The bright-
ness and contrast of images were adjusted using ImageJ.

Statistical Analysis: Statistical analysis was performed using an ordi-
nary one-way ANOVA with Prism V8.4 (GraphPad) with n = 3 replicates

for Figure 2 and Figure S3 (Supporting Information). For Figure 2, an f-
value of 13.7, 20.73, and 6.4 was obtained for transfection efficiency, via-
bility ratio, and mean fluorescence intensity, respectively with a Dfn of 4
and Dfd of 10. For Figure S3(Supporting Information), an f-value of 97.23,
4.08, and 11.36 was obtained for transfection efficiency, viability ratio, and
mean fluorescence intensity, respectively with a Dfn of 3 and Dfd of 8. For
Figure 6 statistical analysis was performed using an unpaired t-test.

Study Participants: All study participants gave informed consent, were
recruited, and had blood drawn in compliance with relevant ethical regula-
tions under the approved summary protocol form 30009292 at Concordia
University.

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