
A Digital Microfluidic Platform for the Microscale Production of
Functional Immune Cell Therapies
Samuel R. Little, Niloufar Rahbari, Mehri Hajiaghayi, Fatemeh Gholizadeh, Fanny-Mei Cloarec-Ung,
Joel Phillips, Hugo Sinha, Alison Hirukawa, David J.H.F. Knapp, Peter J. Darlington,
and Steve C. C. Shih*

Cite This: Anal. Chem. 2025, 97, 11026−11034 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Genetically engineering human immune cells has been
shown to be an effective approach for developing novel cellular
therapies to treat a wide range of diseases. To expand the scope of these
cellular therapies while solving persistent challenges, extensive research
and development is still required. Here we use a digital microfluidic
enabled electroporation system (referred to as triDrop) specifically
designed to mitigate harm during electroporation procedures and
compare against two state-of-the-art commercially available systems for
the engineering of primary human T cells. We describe the ability to use
triDrop for highly efficient transfection with minimal reagent
consumption while preserving a healthy transcriptomic profile. Finally,
we show for the first time the ability to use a digital microfluidic
platform for the miniaturized production of Chimeric Antigen Receptor
(CAR) T cell therapies demonstrating how this novel system can lead
to a 2-fold improvement in immunotherapeutic functionality compared to gold standard methods while providing up to a 20-fold
reduction in cost. These results highlight the potential power of this system for automated, rapid, and affordable next-generation cell
therapy R&D.

Reprogramming the functionality of human T cells by
inserting novel biological payloads has been shown to be

a promising avenue of therapeutic development.1 Removing
immune cells from a patient, modifying the cells, and
reinjecting them into the patient is a viable treatment for
hematological2−4 and solid cancers.5 However, manufacturing
of these therapies is challenging,1 and current therapies can
lack specificity.6 Efforts have been made to engineer immune
cells to avoid so-called “on-target, off-tumor” toxicities.7

However, developing cellular therapies for cancer that is
affordable, as well as safe and efficient will require additional
complex genetic engineering and substantial research and
development (R&D).8,9

Given that preclinical R&D is a substantial driver of cost and
time when bringing cell therapy to market,10 a platform
capable of automating laborious payload delivery procedures
and processing numerous samples in parallel, while requiring
only small inputs of cell and reagents per reaction could reduce
the cost and length of many cellular therapy development
programs. Currently, there are several popular commercially
available platforms used for cell therapy R&D; however, these
platforms either require performing each reaction serially (one-
at-a-time) for testing multiple conditions11 or require large
cellular and reagent inputs.12

Microfluidic-based platforms are emerging as technologies
for the physical transfection of human immune cells using
techniques such as mechanical squeezing or compression,13−17

fluidic shearing,18,19 and electroporation.20,21 More generally,
microfluidic technologies have emerged as a transformative
approach for the production of CAR T cell therapies.22 A
primary goal for this field has been to develop a platform
capable of efficiently inserting a single type of payload into cells
while operating continuously with a throughput >106 cells/
min.23 While these are important techniques for clinical-scale
manufacturing,24 we are not currently aware of a robust,
parallel microfluidics platform capable of R& D scale
transfection where performing many small reactions is
prioritized.
In recent years, electroporation (EP) has become a widely

used technique for transfection due to its versatility and
relative ease of use.25 However, substantial concerns have been
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raised regarding cellular dysfunction emerging from cells
engineered via EP where harmful side effects from the pore-
generating process can lead to cells with poor viability, genetic
dysregulation, and lacking core functionalities.23,26,27 These
side effects include excessive current generation during
electrical pulsing leading to joule heating,28 and electrolytic
reactions at the anode and cathode causing a pH change and
metal contaminants in the EP media interacting with cells.29,30

An ideal microfluidic platform for cell therapy R&D would not
only efficiently engineer cells but would also preserve the
viability and functionality of those cells for use and analysis in
functional assays.
We previously published a novel three-droplet system

(referred to as triDrop) that allowed for efficient EP of
human T cells on a digital microfluidic (DMF) platform.31

Here, we describe how triDrop efficiently transfects reduced
amounts of cells while using less payload compared to two
commercially available alternatives, allowing for rapid and
affordable cell engineering while preserving healthy tran-
scriptomic profiles. We then show for the first time the use of a
DMF platform for the miniaturized production of functional
immune cell therapies. Using our platform, we achieved the
same delivery efficiency as gold standard methods but, by
preserving cell health, we were able to generate cells that could
perform up to 2-fold more effectively when mounting an
immune response against cancer cells. Taken together, these
results suggest that the triDrop is an ideal platform for cell
therapy R&D and that this novel droplet EP system solves
long-standing issues associated with EP leading to efficient
delivery of complex payloads to hard-to-transfect cells with
minimal harm.

■ RESULTS AND DISCUSSION
Comparing Electroporation Platforms. We analyzed

three electroporation (EP) systems that are schematically
overviewed in Figure S1. Figure S1a is the Invitrogen Neon
Electroporation System (Neon),32 Figure S1b is the Lonza 4D-
Nucleofector (NF), and Figure S1c is a recently published,31

droplet-based, electroporation system that relies on digital
microfluidics, hereby referred to as the triDrop system. We
previously demonstrated that the triDrop system is capable of
inserting a range of payloads (including dextran, mRNA, DNA

plasmids, and proteins) into different cell lines (e.g., HEK293,
HeLa, Jurkat, and Primary T cells) while preserving cell health
by minimizing current generation (e.g., Joule heating) and
harmful electrolytic byproducts during electroporation.31 The
Neon and Nucleofector have been shown extensively for
transfection of primary human T cells; however, we propose
that the triDrop can offer two key advantages over these
existing systems. First, is the ability to achieve high-
performance transfection while using fewer cells and less
payload providing up to a 20-fold reduction in the overall cost
of T cell engineering (Table S1). Second, by limiting the
exposure of cells to excessive electrical current and harmful
electrolytic byproducts (such as pH changes as a result of the
reduction and oxidation of water molecules, chlorine and
hydrogen gas bubbles, and metal ions),29 the health and
functionality of the cells can be preserved post-electroporation.
It has been shown that joule heating as a result of electrical
current, and exposure to electrolysis are significant contribu-
ting factors to cell death as a result of EP,28 and that cell death
increases with increased joule heating and as the cells get closer
to the anode and cathode.30,33

Figure 1 shows that all three platforms were able to deliver
mRNA molecules with efficiencies >95%. The Neon and
Nucleofector achieved peak viabilities of ∼65% (in line with
previously published results34) when using the manufacturer
recommended conditions, 1 × 106 cells per reaction for
Nucleofection, and 2 × 105 cells per reaction for Neon (Figure
1a,b). The triDrop had the highest reported viability as
measured 18 h post-electroporation (80−85%; Figure 1c).
Interestingly, reducing the number of cells per reaction results
in decreasing viabilities for both the Neon and the
Nucleofector, achieving ∼60% and ∼45% viability, respec-
tively, for EP reactions when using only 0.5 × 105 cells per
reaction. To validate the effects of using reduced cell amounts
on viability, we conducted EP using either the recommended
number of cells or 0.5 × 105 cells per reaction and measured
viability 6 h post-EP (Figure S1d). While all systems led to a
reduction in viability compared to the control, the triDrop
system showed a significant improvement in viability in
comparison to the Neon and Nucleofector, regardless of how
many cells were used. In addition, reducing the number of cells

Figure 1. Three electroporation systems. Bar graphs depicting transfection efficiency (TE; dark colors) and viability (light colors) when performing
electroporation using varying numbers of cells per reaction in technical duplicates for (a) Neon, (b) Nucleofection, and technical triplicates for (c)
triDrop.
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used by the Nucleofector leads to a significant reduction in
viability (65 vs 51%, P = 0.001).
Next, we investigated the effects of using differing amounts

of payload per reaction on the transfection efficiency and
viability. Figure S1e-g shows line graphs depicting transfection
efficiency for each condition over 72 h following EP. The
Nucleofector requires approximately 10 times as much payload
to achieve results comparable to the triDrop (500 vs 50 ng).
Furthermore, Figure S1h shows the measured viability of each
system over 72 h. The data confirms that the triDrop has the
highest viability of the three systems, and by 18 h post-EP, cells
treated with the triDrop have a viability of >80% compared to
a viability of ∼60% for the other systems (consistent with
results shown in Figure 1). It is only after 72 h post-
electroporation that all three systems have a recovered viability
>80%.
Knockout and Knock-In Gene Editing Efficiency. A

main aim of this work is to compare the electroporation
systems and their performance on delivering CRISPR
components directly into primary T-cells. We first investigated
the performance of all three systems to conduct CRISPR
knockouts targeting the T cell receptor α constant (TRAC)
locus. Figure S2a−c shows the effects of knockout with all
three systems using varying amounts of cells per reaction. In
these experiments, ribonucleic proteins (RNP) were normal-
ized to the reaction volume to ensure consistent payload
concentration as recommended by Hultquist et al.35 and Oh et
al.36 The triDrop achieved an optimal knockout efficiency of
75% with a viability of 80% when using 0.5 × 105 cells per
reaction, and the Neon and Nucleofector were both able to

achieve knockout efficiencies ∼95% when using higher
numbers of cells with viabilities of 70−75%. However,
decreasing cell amounts to 0.5 × 105 cells per reaction led to
the efficiency dropping to 78 and 70%, respectively. These
results show that the triDrop compares well against the gold
standard methods for performing CRISPR knockouts while
outperforming other previously shown droplet-based methods
relying on viral and chemical transfection techniques.37,38

Given the substantial volume differences between the three
systems, adding payload in proportion to volume leads to a
significant difference in the total amounts of Cas9 enzymes and
sgRNA needed per reaction (i.e., 50 pmol of RNP for 1
nucleofection reaction vs 2.5 pmol for 1 triDrop reaction). To
account for this difference, we tested conditions by normalizing
payload to the number of cells being electroporated via
addition of 50 pmol of RNP for every 1 million cells being used
as recommended by Roth et al.12 We found that when using
the Nucleofector, decreasing the payload in proportion to the
number of cells being electroporated led to a decrease in
knockout efficiency, suggesting that volumetric normalization
is more important than cellular normalization for achieving
high delivery efficiency (Figure S3). Figure 2a,b, show side-by-
side comparisons of two donors when electroporating only 0.5
× 105 cells with 2.5 pmol of Cas9 RNP. Both the Neon and the
triDrop were able to achieve 75 and 68% knockout efficiency
respectively with no significant difference between the two (p
= 0.26), however, the Nucleofector was only able to achieve
14% knockout efficiency with these conditions, which is
significantly lower than the other two systems (p < 0.0001).
Additionally, we observed that the decreased number of cells

Figure 2. Gene editing. Bar graphs showing (a) knockout efficiency and (b) viability for 0.5 × 105 cells electroporated with 2.5 pmol of RNP using
the three EP systems (two donors, 2−3 technical replicates). (c) Schematic showing the payloads required for CRISPR knock-in (created with
BioRender.com). Bar graphs showing (d) knock-in efficiency and (e) relative cell growth post-EP for cells electroporated using manufacturer
recommended number of cells or 0.5 × 105 cells per reaction (two donors). All error bars represent mean ± 1 SD. Statistical n.s. indicates no
significant difference, *, **,***, and **** represent p-values below 0.05, 0.01, 0.001, and 0.0001, respectively. Statistical analysis was performed
using a Student’s t test. NF represents the Nucleofector system.
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had a significant impact on the health of cells electroporated
with the Nucleofector even after 4 days of recovery. In
comparison to the control, the triDrop and Neon both had no
significant differences in cell viability (p = 0.67 and p = 0.3,
respectively), whereas the Nucleofector had viabilities
significantly less than both the control (p = 0.004) and cells
treated with the triDrop (p = 0.0008).
After validating triDrop as a reliable method for knockout,

we introduced donor templates to perform proof-of-principle
CRISPR knockouts using the three methods. We followed a
recent protocol published by Cloarec-Ung et al.39 highlighted
in Figure 2c (all sequences in Table S2). Figure 2d shows that
all systems achieve average knock-in efficiencies of >60% and
up to 80% insertion efficiency, which is in line with recently
published results.40 Interestingly, as shown in Figure 2e, we
observed that the cells electroporated with the triDrop had
proliferative capacities most similar to the control (2.5-fold
increase in total viable cells vs 3.3-fold increase, respectively),
and more surprisingly, Nucleofector and Neon showed
impaired proliferation post-EP. These data suggest that the
triDrop offers substantial improvements in both cell viability
and proliferation capacity immediately after electroporation as

well as requiring significantly less payload (at least 10-fold) and
fewer cells compared to the other electroporation systems.
Transcriptomic Analysis. The triDrop was developed for

the development and testing of cellular therapies. To ensure
therapeutic relevance, it is essential that cells maintain their
functionality and viability following electroporation. We used
qPCR to look at critical cytokines (IL-2, TNF-α, and IFN-γ) in
the immune system that play significant roles in cellular
therapies.41 Dysregulation of these genes leads to nonspecific
response or an impaired response in the presence of a target
antigen.42,43 As shown in Figure S4, cells treated with the
triDrop show no significant dysregulation in any of the three
examined genes, whereas cells treated with the Neon showed a
significant upregulation of IL-2 (relative fold change of 4.99, P
= 0.005, and 5.11, P = 0.003) compared to the control.
Similarly, when using the Nucleofector, cells treated with the
manufacturer recommended conditions showed no dysregula-
tion of the three genes; however, when using 0.5 × 105 cells
per EP reaction, IFN-γ was significantly downregulated
(relative fold change of 0.38, P = 0.0006), indicating that
cells electroporated under this condition may experience a
reduced capacity to secrete this important cytokine.

Figure 3. Transcriptomic analysis. Volcano plots depicting p-values and fold change for individual genes for cells from three different donors 6 h
post-EP when electroporated with (a) Neon, (b) Nucleofector, and (c) triDrop. Genes with a log fold change >1 or <−1 with a p value <0.05 (red
dots) and <0.1 (yellow dots) are highlighted. (d) Heatmap showing the average Z-scores for 13 selected pathways for cells electroporated with all
three EP systems. NF represents the Nucleofector system.
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In addition, we used RNA sequencing to examine the entire
transcriptional landscape of cells treated with all three systems.
Figure 3a−c shows volcano plots depicting the differential gene
expression for all three electroporation systems (using
manufacturer recommended conditions) compared to the
control (with no electroporation). Using the cutoff metrics of
>1 or < −1 log fold change and a p−value of 0.05, we sorted
genes into the categories of significantly dysregulated (red
dots) or nonsignificant genes (gray dots). In addition, genes
meeting the less stringent condition of p−values <0.1 are
shown as yellow dots. Based on these cutoffs, the Neon shows
a dysregulation of 105 genes, the Nucleofector showing 89
genes, and only 32 genes for the triDrop. A principal
component analysis showed triDrop to be most similar to
control cells (Figure S5). To understand these results, we
classified them by grouping the genes that are commonly
dysregulated among the systems (Figure S6a). Six genes are
commonly dysregulated among all systems and are shown in
Table S3. Interestingly, 34 genes are commonly dysregulated
between the Neon and the Nucleofector but not dysregulated
with the triDrop. A collection of four such genes are
highlighted in Figure S6b−e. The first two genes, PPP1R15A
(2.7- and 2.8-fold increase for Neon and Nucleofector,
respectively), and SESN2 (3.6- and 2.9-fold increase for
Neon and Nucleofector, respectively), are implicated in

integrated stress response pathways with SESN2 being
implicated in pathways responding to oxidative DNA damage44

and PPP1R15A encoding for the growth arrest and DNA
damage inducible protein.45 The two other genes are
TSC22D3 (2.9- and 2.4-fold change for Neon and
Nucleofector, respectively) and CD48 (−1.7- and −1.4-fold
change for Neon and Nucleofector, respectively) which are
both known to affect the functionality of immune cells
especially in the context of immunotherapy when upregulated
and downregulated, respectively.46−49 Genes were assigned a z-
score to quantify the different levels of expression relative to
the control. Genes were then grouped into high-level genetic
pathways using the Reactome database,50 and the average z-
score for the whole pathway was calculated. Out of the ∼2600
pathways analyzed, the triDrop showed a dysregulation of 79
pathways (defined as a pathway with an average -score >2.0 or
<−2.0), the Neon with 130, and the Nucleofector showing
134. Figure 3d summarizes a collection of pathways that are
further documented in Table S4. All systems upregulate
pathways responding to metal ion contamination (possibly
secreted from the anode and cathode), with the lowest z-score
shown by the triDrop. Additionally, the Neon and the
Nucleofector upregulate pathways corresponding to apoptosis
and cellular stress, which may further explain earlier data
showing reduced viabilities and proliferation capabilities for

Figure 4. Functional CAR-T assays. Bar graphs depicting measured levels of (a) TNF-α and (b) IFN-γ after 24 h (light purple and light blue) and
48 h (dark purple and dark blue) of culture for cells electroporated using all three systems using either manufacturer recommended conditions or
0.5 × 105 cells per reaction. Engineered cells are cultured either by themselves (T), at a 1:1 ratio with MCF-7 cells (T/M), or with Raji cells (T/R).
(n = 6) (c) Line graphs depicting relative killing of Raji cells cocultured with activated Pan T cells at 1:1 ratio and 4:1 ratio after 24 h (light gray,
solid line) and 48 h (dark gray, dashed line) or with triDrop engineered CAR T cells at a 1:1 and 4:1 ratio after 24 h (light green, solid line), and 48
h (dark green, dashed line). Statistical significance markers indicate difference between engineered cells and activated pan T cells for each time
point. (n = 4). All error bars represent mean ± SD. n.s. indicates no significant difference, *, **,***, and **** represent p-values below 0.05, 0.01,
0.001, and 0.0001, respectively. Statistical analysis was performed using a Student’s t test.
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cells treated with these systems. Finally, we observed
upregulation of three inflammation pathways that are
minimally upregulated or not upregulated with the triDrop.
Upregulation of these pathways may lead to premature T cell
exhaustion51 which can impair the function of immunother-
apeutic T cells.52

Functional CAR-T Assays. To demonstrate the potential
of our system for engineering CAR-T cells, we present for the
first time the use of a DMF platform to generate functional cell
therapies. Primary human T cells were engineered to express
an anti-CD19 CAR molecule (Figure S7a). Figure S7b shows
the expression of the anti-CD19 CAR protein with all three of
the tested EP systems being able to achieve >80% expression of
the CAR protein 6 h post-EP. Expression peaked at 24 h, then
slowly declined over the subsequent 2 days (Figure S7c). Anti-
CD19 CAR expression via electroporation was as efficient as
viral methods53,54 (60−80.6%) and chemical55 (84.6%)
methods. However, the use of electroporation does not require
the need to produce viral particles or lipid nanoparticles,
indicating that electroporation is a more convenient approach
for CAR-T R&D.
To test the functionality of the engineered cells, anti-CD19

CAR-T cells were cultured by themselves or cocultured with
either MCF-7 cells (CD19-negative) or Raji cells (CD19-
positive) at a 1:1 ratio. Figure 4a,b show bar graphs depicting
the cytokine levels of IFN-γ and TNF-α in the supernatant for
cells under various treatments and culture conditions after 24
and 48 h of coculture. Importantly, none of the engineered
cells produced either of the antitumor cytokines when cultured
by themselves or in the presence of CD19-negative cells,
indicating a highly specific response of the anti-CD19 CAR.
Impressively, when cultured with CD19-positive targets, cells
engineered with the triDrop were capable of secreting
approximately 2-fold more antitumor cytokines compared to
cells engineered with the Nucleofector when using manufac-
turer recommended conditions. We observed increased
production of both IFN-γ (24 h: p = 0.006, 48 h: p = 0.05),
and TNF-α (24 h: p = 0.02, 48 h: p = 0.016). Cells engineered
with the Neon also have higher cytokine production than
Nucleofected cells but lack statistical significance across the 24
and 48 h time points. Additionally, using 0.5 × 105 cells per
reaction with the Nucleofector led to a significant reduction in
cytokine production capabilities producing ∼2-fold less
cytokines than cells treated with the manufacturer recom-
mended conditions and ∼5-fold less than cells engineered with
the triDrop. These data suggest that the Nucleofector impairs
immune function immediately following EP (as seen by the
transcriptional sequencing data) and that attempting to use
fewer cells than recommended by the manufacturer further
exacerbates this impairment. While the Neon was able to
produce similar average levels of cytokines compared to
triDrop, the response was highly variable across donors.
Further, similar to the Nucleofector, using 5 × 105 cells per
reaction with the Neon surprisingly led to a significant
reduction in the cells’ ability to produce IFN-γ (although not
TNF-α).
Finally, we test the ability to use cells engineered with our

triDrop platform for killing Raji cells in coculture. Figure 4c
shows, as expected, that the activated Pan T cells elicit a small
cytotoxic effect on the Raji cells, leading to ∼23% (24 h) and
45% (48 h) killing of target cells when cocultured at the 4:1
effector-to-target ratio. However, when cultured with the
triDrop engineered CAR T cells, approximately 27% (24 h)

and 45% (48 h) of target cells are killed when cultured at a 1:1
ratio and 61% (24 h) and 85% (48 h) are killed at a 4:1
effector:target ratio indicating a robust killing effect.

■ CONCLUSIONS
In this work, we demonstrated that our miniaturized droplet
electroporation system allows for a substantial reduction in the
consumption of expensive reagents and precious cells
compared to two state-of-the-art electroporation systems. We
propose that this advancement will allow for a reduction in the
cost of gene editing making cell therapy R&D more affordable,
or alternatively making it possible to screen large libraries of
edits on rare cell populations or cells from a single donor.
Additionally, we showed that the triDrop structure achieved on
our DMF platform allows us to protect cells from the harmful
effects of joule heating and electrochemical reactions that
occur during the electroporation process and that this results in
cells with less transcriptional dysregulation and, most
importantly, improved functionality when compared to cells
electroporated using traditional methods. Given DMF’s
capability to seamlessly interface with existing lab automation
paradigms, we predict this method will facilitate large-scale
arrayed screens to help identify next-generation genetic
modifications to improve immunotherapeutic outcomes.

■ MATERIALS AND METHODS
DMF device fabrication and assembly, droplet operations, and
the electroporation circuit (Figure S8) are described in the
Supporting Information.
Electroporation. For all electroporation platforms, primary

human T cells were electroporated within 24 h after the
removal of activation beads. Cells were in electroporation
buffer for a maximum of 15 min and were transferred to
recovery buffer (culture media containing 400 IU/mL IL-2)
promptly after pulse application using one of the three systems.
For both the Neon and Nucleofector, a wide range of pulse
parameters (voltage amplitude, number of pulses, and pulse
duration) have been shown for effective electroporation. In this
work, we use the pulse parameters recommended by the
manufacturer for working with activated primary human T
cells56,57 and shown to be effective by Zhang et al.58 and
Schumann et al.59 which are 3, 1600 VDC pulses, and 10 ms in
duration for the Neon and pulse code EO-115 for the
Nucleofector.
Transfection efficiency is defined as the ratio of positively

transfected cells relative to total living cells as measured using
flow cytometry, eq 1

= ×TE
number of transfected living cells

total number of living cells
100

(1)

Knock-In. 48 h post-electroporation, genomic DNA
(gDNA) was recovered from the cells using the DNeasy
Blood and Tissue Kit (Qiagen, Catalog #69504). gDNA was
amplified using 0.5 μM of pri077F+R primers (Table S2) with
the following thermal cycle: 98 °C 30s; 35× (98 °C 10s, 60 °C
10s, 72 °C 30s); 72 °C 5 min. Following amplification, PCR
products were purified with the GeneJET PCR purification kit
(Thermo Fisher, Catalog #K0702). Purified PCR products
were quantified by NanoDrop at a range of 20−40 ng/μL, and
5−15 ng was sent for Sanger sequencing at the IRIC Genomics
core with the primer pri0003-A1 (Table S2). Chromatograms
for each condition were aligned against a control sample using
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SnapGene’s alignment tool and validated with Synthego’s ICE
Analysis (Figure S9).
Transcriptomic Sequencing and Analysis. Base calling

was performed using Oxford Nanopore’s Dorado software.
Sequencing reads were aligned with the Homo sapiens GRCh38
transcriptome using Minimap2.60 Transcript counts were
performed using Salmon61 and mapped to genomic data
using the R/Bioconductor package biomaRt.62 Differential
expression was calculated using DESeq2.63 Z scores were used
to quantify variation from the control based on the number of
transcripts per million (TPM) that were counted for each gene
using eq 2

=Z
TPM TPM

SDscore
treated control

control (2)

Genes were grouped into high-level genetic pathways using the
Reactome database50 and analyzed using the ReactomePA
package.64 When performing pathway enrichment analysis
using the Reactome database, we execute the enrichment
simplify() function, which reduces redundancy in pathways
using semantic similarity metrics. Such a function sets a
similarity threshold (biological categories that are considered
redundant; cutoff = 0.7) and keeps the pathway by the lowest-
adjusted p-value (by = “p.adjust” and select-fun = “min”).
CAR-T Assays. Four hours prior to the tumor cell killing

assay, 2.5 × 104 Raji cells per well were seeded in a U-bottom
well plate in 100 μL of fresh Roswell Park Memorial Institute
(RPMI) media with 10% FBS and 2.5 × 104 MCF-7 cells per
well were seeded in a treated flat-bottom 96-well plate in 100
μL of fresh RPMI with 10% FBS. Control wells were seeded
with 100 μL of fresh RPMI containing no cells.
After 6 h of recovery, electroporated and control cells were

counted, washed in PBS, and resuspended in fresh RPMI with
10% FBS at a concentration of 2.5 × 104 cells per 100 μL. 100
μL of cell solution from each condition was then added in
technical replicates to wells prepared earlier containing either
just media, MCF-7 cells, or Raji cells. Supernatant was
collected after 24 and 48 h by centrifuging the plates for 3 min
at 300g to pellet the cells and pipetting 180 μL from the top of
each well. Supernatant was analyzed via ELISA using the
manufacturer recommended protocol for INF-γ (BD Bio-
sciences, catalog #555142) and TNF-α (BD Biosciences,
catalog #555212).
Tumor cell killing was performed by coculturing CAR T

cells or control activated Pan T cells with Raji cells at a 1:1
(2.5 × 104 T cells: 2.5 × 104 Raji cells) or 4:1 ratio (1 × 105 T
cells: 2.5 × 104 Raji cells). Raji cell death was validated via flow
cytometry using previously established methods.65 After 24 h
of coculture, cells are recovered and washed before being
stained with PE-CD3 monoclonal antibody and prepared for
flow cytometry. Immediately before flow cytometry, 4′,6-
diamidino-2-phenylindole (DAPI) is added to visualize cell
viability. PE-CD3 staining allows for differentiation between T
cells and Raji cells, and DAPI allows for the visualization of
living and dead cells. A detailed gating overview is shown in
Figure S10. Relative killing efficiency was measured using eq 3

= ×1
target cell viability

target cell viability
100killing

treated

untreated

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjjj
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where treated target cell viability represents the viability of Raji
cells cocultured with either activated Pan T cells or CAR T
cells, and untreated viability represents the viability of Raji cells
cultured by themselves under the same conditions over the
same period.
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