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ABSTRACT

Chimeric antigen receptor (CAR) T-cell therapy shows unprecedented efficacy for cancer treatment, particularly in treating patients with
various blood cancers, most notably B-cell acute lymphoblastic leukemia. In recent years, CAR T-cell therapies have been investigated for
treating other hematologic malignancies and solid tumors. Despite the remarkable success of CAR T-cell therapy, cytokine release syndrome
(CRS) is an unexpected side effect that is potentially life-threatening. Our aim is to reduce pro-inflammatory cytokine release associated
with CRS by controlling CAR surface density on CAR T cells. We show that CAR expression density can be titrated on the surface of
primary T cells using an acoustic-electric microfluidic platform. The platform performs dosage-controlled delivery by uniformly mixing and
shearing cells, delivering approximately the same amount of CAR gene coding mRNA into each T cell.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0231595

I. INTRODUCTION

Chimeric antigen receptor (CAR) T-cell therapy represents a
revolutionary paradigm for cancer immunotherapy and has signifi-
cantly changed the landscape of cancer treatments. Moreover, CAR
T-cell therapy has been used to effectively treat patients with
relapsed and refractory B-cell acute lymphoblastic leukemia
(B-ALL)1,2 featuring three CD19-specific CAR agents (KYMRIAH,
YESCARTA, and TECARTUS) approved by the Food and Drug
Administration (FDA).3–5 Other FDA-approved products, such as
ABECMA-targeted BCMA antigen, have been used to treat multi-
ple myeloma.6 Despite these achievements, CAR T cells can poten-
tially induce life-threatening toxicities, including cytokine release
syndrome (CRS), neurologic toxicity, and anaphylaxis.7 CRS is one
of the most common and notorious side effects of CAR T-cell
therapy, followed by the infusion of CAR T cells, which triggers
systemic immune activation and causes excessive inflammatory
cytokine release. Recent studies have shown that the heterogeneity
of CAR expression levels in cell populations potentially determines
the efficacy and safety of therapy. For instance, one study has

demonstrated the influence of CAR surface density on the safety of
CAR T-cell therapy; the CAR surface density can be manipulated
and controlled by increasing the transduction rate with the MND
promoter (myeloproliferative sarcoma virus enhancer, negative
control region deleted, dl587rev primer-binding site substituted).8

Compared to the EF1α lentiviral promoter, the MND promoter has
a higher packaging efficiency, but the reduced surface density of
CAR molecules leads to a reduced cytokine release; therefore, it has
a lower chance of triggering CRS. Moreover, another study compre-
hensively researched the impact of CAR density on CAR T-cell
functionality and the clinical treatment outcome.9 Phenotypic,
functional, transcriptomic, and epigenomic analyses were per-
formed to compare the high and low expressions of the CAR mole-
cule (CARHigh Cell and CARLow Cell), and they concluded that
CARHigh T cells are associated with tonic signaling and exhausted
phenotypes. Hence, a precisely controlled method that can manu-
facture CAR T cells efficiently and titrate the CAR expression
density within an optimal range is desirable.

Due to their high transduction efficiency, the most common
method for manufacturing CAR T cells in a clinical setting
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employs viral vectors, including retroviruses and lentiviruses.10

However, viral vectors have severe safety concerns, such as inser-
tional oncogenesis,11 transgene integration, and immunogenicity.12

Moreover, heterogeneity of CAR T-cell surface-gene expression
caused by various virus copies may mitigate therapeutic efficacy or
even increase the toxicity of CAR T cells.13 Bulk electroporation is
another technique for delivering plasmid-based transgene systems,
such as transposon/transposase systems, to introduce CAR genes
into primary T cells.14 However, high voltages, ranging from tens
to a few hundred volts, are required to permeabilize cell mem-
branes and potentially cause cell mortality,15 a significant limitation
in applying electroporation in clinical trials.16 Furthermore, several
studies have shown that bulk electroporation perturbs the function
of cells. DiTommaso et al. comprehensively characterized
electroporation-induced disruption of gene expression, cytokine
production, and compromised in vivo biological functions.17 In
addition, owing to its lack of mixing between cells and genetic
materials, bulk electroporation does not offer uniform and dosage-
controlled delivery across cell populations.18

Miniaturized microfluidic intracellular delivery systems have
emerged as a potential solution to overcome the limitations of low
cell viability from conventional electroporation. For instance,
microscale electrodes have been integrated into microfluidic plat-
forms to achieve cell membrane permeabilization.19 The
continuous-flow microfluidic electroporation platform proposed by
Lissandrello et al. can achieve a high green fluorescent protein
(GFP)-messenger ribonucleic acid (mRNA) transfection efficiency
into primary T cells without compromising cell viability by pre-
cisely controlling the electric field exposure experienced by the
cells. Another example is using a microfluidic platform to apply
mechanical forces to manipulate cell membranes. Jarrell et al. dem-
onstrated the implementation of vortex shedding in a microfluidic
platform to facilitate intracellular mRNA delivery into primary
human cells.20 However, these miniaturized transfection platforms
cannot control the dosage of the delivered cargo or have low
throughput. In contrast, certain mechanoporation methods can
control dosage,21–23 but they are prone to clogging and low
throughput issues and have yet to prove uniform delivery.24

In a previous study, we developed an intracellular delivery
microfluidic system, the acoustic-electric shear orbiting poration
(AESOP) platform, which can disrupt the cell membrane by using
the lateral cavity acoustic transducer (LCAT) technology to apply
localized mechanical shear to cells via oscillating air–liquid inter-
faces and expanding these shear-induced nanopores through a low-
intensity electric field.25 We demonstrated high throughput
(106 cells per minute for each chip) and enabled the uniform deliv-
ery of large cargo without compromising cell viability. In this
study, we explore the application of CAR T-cell manufacturing and
the manipulation of CAR expression levels on primary T-cell mem-
branes to achieve dosage control via uniform mixing and uniform
shearing.25 With the assistance of microstreaming vortices induced
by acoustic energy, CAR mRNA is mixed uniformly with primary
T cells; thus, each cell uptakes approximately the same dosage of
mRNA, which leads to a similar CAR expression on the cell mem-
brane in the cell population after mRNA translation. We utilize
mRNA to transiently reprogram T cells to express CAR, and since
mRNA does not integrate DNA into the host genome,26 it avoids

potential risks associated with genetic integration and circumvents
on-target off-tumor toxicity caused by permanent CAR expres-
sion.27,28 The transient expression of CAR mRNA limits the long-
term therapeutic effect of mRNA-based CAR T-cell systems,
making it less suitable for cases where long-term CAR expression is
needed for complete response (solid tumors, aggressive cancers) or
repeated dosage causes anaphylactic shock.29 While clinical trials
employing mRNA-based CAR T-cells targeting CD123 and CD19
in solid tumors targeting mesothelin and c-Met proved safe and
lacking in serious adverse events, repeated dosing was required.30

Besides repeated dosage, CAR mRNA persistence can be improved
by modifying mRNA to provide a cap structure and poly(A) tail,
replacing unstable non-coding sequences with stable sequences
(β-globin) and codon optimization.31 Despite limitations,
mRNA-transfected CAR T cells allow for temporal control, dose
adjustment, enhanced safety, and precision targeting,32 serving as
the ideal system for the study of dosage-controlled delivery
explored in this paper. Additionally, though plasmid is also a
common vector for carrying the CAR gene and delivering it into T
cells because of simpler and cheaper manufacturing, mRNA size is
smaller than plasmids, making it easier to perform primary T-cell
transfection.33 We show that the dosage taken by the cells and
CAR expression levels can be titrated by controlling the initial
input mRNA concentration. Moreover, the gene expression profile
and cytokine secretion function did not change after AESOP treat-
ment. These results reveal that AESOP’s delivery mechanism can
maintain cell therapy’s safety and function and improve CAR
T-cell products’ homogeneity, which is a critical factor in determin-
ing the outcome of a clinical treatment.

II. RESULTS

The schematic of isolating primary T cells and transfecting T
cells with AESOP and electroporation, respectively, is presented in
Fig. 1. AESOP first relies on the lateral cavity acoustic transducer
(LCAT) technology to trap cells inside acoustic microstreaming
vortices and expose them to uniform mechanical shear. Trapped
microbubbles oscillating in lateral slanted dead-end side channels
generate a first-order oscillatory flow at the air–liquid interface.
The first-order oscillatory flow induces a second-order streaming
flow consisting of an open microstreaming flow and a closed-loop
microstreaming vortex. The open microstreaming generates bulk
flow that pumps through the main channel. The LCAT is powered
by a piezoelectric transducer (PZT) attached to the bottom of the
device, and the acoustic energy from the PZT is transmitted to the
air–liquid interfaces, causing them to oscillate and generate micro-
streaming vortices in the microfluidic channel. The orientation and
positioning of the air–liquid cavities resulted in both bulk-flow
liquid pumping and size-dependent trapping of cells. The trapped
cells orbiting in these microvortices were subjected to oscillatory
mechanical shear stress, with the maximum shear adjacent to the
oscillating air–liquid interfaces.

A. Characterization of the shear force within acoustic
microstreaming vortices

We previously used LCATs with 112 pairs of dead-end
side channels combined with a single main channel to perform
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self-pumping, cell-cargo mixing, and cell-membrane permeabiliza-
tion. We demonstrated a throughput of 106 cells per minute for
each chip with high delivery efficiency (>90%), cell viability
(>80%), and uniform dosages [<60% coefficient of variation (CV)].
In clinics, around 0.2 × 106 to 5.4 × 106 transduced T cells per kilo-
gram of body weight are required for anti-CD19 CAR T-cell
therapy.34 In the current study, we modified the previous serial
channel design into seven parallel microfluidic channels with the
same number of LCAT pairs [Figs. 2(a) and 2(b)]. Previously, to
ensure maximum throughput, we introduced the electric field to
the cells when almost all LCATs (vortices) in the chip were filled.
With parallel channels, the cells can fill multiple vortices simulta-
neously, reducing the operation time and allowing more even expo-
sure to shear as each cell remains in a vortex for similar amounts of

time. As a result of the even shearing, the CV% is further reduced
compared to the serial channel device for >106 cells/min, and
uniform delivery to T cells is improved. To characterize the device,
we measured the cell traveling velocity within the acoustic micro-
streaming and derived the shear force that cells experienced
(supplementary material, Note). More specifically, cells exhibited a
faster velocity near the air–liquid interface compared to the velocity
of the cells when they were away from the air–liquid interface. As a
result, the acoustically activated microbubble generates micro-
streaming and exerts mechanical shear that deforms the cells
orbiting in these microvortices. In Fig. 2(c), the cells experienced
the highest amount of shear (∼25 Pa) at location “b” near the
air–liquid interface. When the cells moved away from the air–liquid
interface, they experienced lower shear force. As the applied voltage

FIG. 1. Schematic of CAR T-cell generation from the isolation of primary T cells from healthy donors, T-cell activation, and transfection with AESOP and electroporation.
High, medium, and low CAR-expression levels on the T-cell membrane cause CRS and potentially effective and less effective treatment responses, respectively.
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increased from 2 to 6 V, the microbubble oscillation increased and,
in turn, increased the microstreaming velocity. The shear stress cells
experienced at location “b” increased from 5 to 25 Pa. Here, we
further explored the relationship between the microfluidic channel
height and throughput within the AESOP device; as the height

increased from 40 to 60 μm, the number of processed cells also
increased [Fig. 2(d)]. At the 6 Vpp condition, throughput increased
from 1.8M at a height of 40 μm to 3.2M per minute at a height of
60 μm, therefore, all experiments moving forward utilized the 60 μm
height device. Furthermore, we evaluated the safety of the AESOP

FIG. 2. Characterization of AESOP. (a) Schematic diagram of the parallel AESOP platform. (b) Microscopic image of cells trapped in acoustic microstreaming vortices. The
scale bar is 100 μm. (c) Cells experience shear measurements in vortices under PZT operation voltages of 2, 4, and 6 V over time. The scale bar is 100 μm. (d) The paral-
lel AESOP platform’s process speed and throughput (million cells/min) under PZT operation voltages of 2, 4, and 6 V PZT with 40 and 60 μm channel heights. (e)
Quantified human 18S and NR4A1 mRNA expression levels in T cells after electroporation and AESOP processing, which include low shear (2 V PZT voltage), moderate
shear (4 V PZT voltage), and high shear (6 V PZT voltage) and AESOP (moderate shear and electric-pulse triggered). ( f ) T-cell IFN-γ and TNF-α measurement by ELISA
after electroporation and AESOP processing (n = 2, donors = 2).
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transfection process by determining if any genotype and phenotype
disruption occurred in the primary T cells. Thus, the NR4A1 gene
expression level, a critical regulator to induce T-cell dysfunction,34 is
measured through RT-qPCR to quantify gene regulation after trans-
fection. For comparison, different levels of shear, ranging from low
shear (LS) to moderate shear (MS) and high shear (HS), as well as
AESOP and electroporation (EP), were applied to transfect the
primary T cells. No transfection process was performed in the
control group. Human 18S gene, a housekeeping gene, was used as a
control gene for the RT-qPCR experiment [Fig. 2(e)]. The results
showed that the NR4A1 expression level increased only in the elec-
troporation group and was preserved in the LS, MS, HS, AESOP, and
control groups. T-cell function was also assessed by measuring cyto-
kine release via ELISA [Fig. 2(f)]. We observed a significant disrup-
tion in cytokine secretion after the electroporation process, with
substantial increases in pro-inflammatory cytokines, IFN-γ, and
TNF-α, compared to the control group, all shear groups, and AESOP.
This outcome indicates CAR T-cells engineered using the electropo-
ration process has elevated potential to cause CRS in patients. The
RT-qPCR and ELISA results confirmed that the acoustic-electric
microfluidic platform we developed for intracellular delivery is safe
and can preserve primary T-cells’ genotype and cytokine release
function.

B. Uniform delivery is enabled by mixing in
microstreaming vortices

We evaluated the performance of AESOP in intracellular
delivery and transfection of mRNA. First, we mixed 500 kDa
dextran, which is in a similar size range as mRNA,35 with T-cell
pellets. Then, we pipetted 20 μl of the cell solution into the chip
inlet to prime the device and form an air–liquid interface. Finally,
we apply the PZT voltage and electric field for the AESOP opera-
tion. After 1–2 min of cell mixing through acoustic microstreaming,
we collected the T cells and seeded them in a 48-well culture plate.
After 2 h, we determined delivery efficiency using flow cytometry.
The delivery efficiency in the AESOP group was 76% ± 9.76%,
while the electroporation group’s was 47.5% ± 12.74%, as shown in
Fig. 3(a). In addition, the cell viability in the AESOP group was
80.4% ± 5.48%, compared to the 44.93% ± 8.29% cell viability in the
electroporation group. In preparation for flow cytometry, the trans-
fected samples are washed in a microcentrifuge, and dead cells are
often removed with the supernatant. For our electroporation group,
120– 200 000 from the input of 106 cells remained during flow
cytometry processing, indicating that the actual transfection and cell
viability rates may be lower than that stated. For AESOP, the cell
counts remained essentially unchanged before and after transfection.
We subsequently delivered eGFP mRNA (0.05mg/ml) into primary
T cells and measured the transfection efficiency for the GFP protein
expression 24 h after the mRNA was delivered. The results showed
that AESOP achieved >70% transfection efficiency, with >70% viable
cells. In contrast, electroporation groups showed a transfection effi-
ciency and cell viability of approximately 50%.

In the AESOP platform, acoustic microstreaming vortices
played a crucial role in uniformly mixing cells and cargoes and
delivering a similar amount of cargo into each cell. We used
500 kDa dextran to quantify the uniformity of cellular uptake

across the cell population. The percentage coefficient of variation
(%CV, which is calculated as the percentage of the standard devia-
tion to the mean) of the fluorescence intensity across the cell popu-
lation was calculated to quantify uniformity. The lower the value of
%CV, the more monodisperse the fluorescence intensity across the
cell population, which indicates a more uniform dextran dosage
taken by the cells. Conversely, the higher the value of %CV, the
more varied the dextran dosage the cells take. A cell-sized double
emulsion (DE) encapsulating dextran solution in the inner phase
was used as a positive control group, mimicking the situation
where the cell uptake is uniform. Compared to the electroporation
(EP) group, in which %CV was 97%, the %CV of the AESOP
group was approximately 53.6% and was closer to that of the DE
group, with a %CV of 52.5% [Fig. 3(c)]. Single-cell and DE images
were acquired using a flow cytometer [Fig. 3(d) and S1 in the
supplementary material]: DE and AESOP cell images showed
uniform fluorescence intensities within each group, whereas cell
images from the electroporation group appeared to be non-
uniform, with visible differences in terms of the fluorescence
intensity. According to the results, AESOP performed intracellular
delivery more uniformly than electroporation by reducing %CV
from 97% to 53.6%. To evaluate whether %CV is an accurate
measure of uniform delivery, we used an antibody-binding capacity
bead assay to establish the number of eGFP molecules in our trans-
fected cells. In AESOP-transfected cells, there was less variation in
the number of eGFP molecules compared to electroporation-
transfected cells [Fig. 3(e)]. Additionally, the median AESOP-
transfected cell was less saturated, with ∼31 000 molecules, com-
pared to electroporation-transfected cells containing ∼74 000 mole-
cules [Fig. 3(f )]. Taking these results with the %CV values, we can
conclude that AESOP delivers cargo into cells with greater
uniformity.

C. Dosage-controlled capability and mechanism
of intracellular delivery

The LCAT technology utilizes the principle of acoustic micro-
streaming by trapping air bubbles in liquid for micromixing induc-
tion.36 Previous studies proved that micromixing is imperative for
dosage-controlled delivery as AESOP generated the narrowest dis-
tribution of plasmid DNA delivery compared to two groups
without LCAT and maintained uniform delivery while increasing
the mean fluorescent intensity (MFI) of transfected cells.25 In
Sec. II B, we showed that the modified AESOP platform could
deliver dextran into the cell population uniformly with fluid
mixing induced by acoustic microvortices. Therefore, we hypothe-
sized that by adjusting the input concentration of reagents, the
dosage required by each cell can be controlled because uniform
delivery ensures each cell uptakes an average amount of cargo. To
test this hypothesis, we delivered various dextran concentrations
(from 0.5 mg/ml, 1, 2, 4, and 8 mg/ml) into primary T cells using
AESOP with 2 V PZT voltage, and 100 Vpp electric voltage, 30 kHz,
and 200 cycles for electric pulses. We observed fluorescence inten-
sity across the cell population with flow cytometry. According to
the fluorescence intensity histogram, the fluorescence intensity
peaks in the AESOP groups increased as the dextran concentration
increased. In contrast, the fluorescence peaks in the electroporation
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FIG. 3. Efficiency and uniformity of AESOP for delivering 500 kDa dextran and eGFP mRNA. (a) Delivery efficiency and cell viability results measured 2 h after the delivery
of 500 kDa dextran. (b) Transfection efficiency and cell viability results measured 24 h after the delivery of eGFP mRNA. (c) %CV to quantify the uniformity of delivery
between AESOP, electroporation, and double emulsion (DE) groups. All the histograms depict transfected cells only (except control group) and were normalized for better
comparison between each group. (d) Single-cell images after delivering 500 kDa dextran among electroporation, AESOP, and double emulsion (DE) groups. The scale bar
in all images is 7 μm. (e) and (f ) Quantification of eGFP molecules in T cells using an antibody-binding bead assay (n = 3). Tukey’s honest significant difference (HSD)
test was used to test significant differences between means. (e) Single-cell values of eGFP molecules (50 cells/replicate/donor) ( f ) The median value of eGFP molecules/
replicate/donor.
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groups did not increase once the dextran concentration was higher
than 1 mg/ml [Fig. 4(a)]. As illustrated in Fig. 4(b), we calculated
the mean fluorescence intensity (MFI) from the flow cytometry his-
togram results for different dextran concentrations. Based on these
results, the MFI, which quantifies the amount of dextran delivered
into cells, was linearly related to the dextran concentration in the
AESOP groups rather than the electroporation groups. We then
applied reciprocal fitting to the MFI at various concentrations, and
the R-squared values for the AESOP and electroporation groups
were 0.99 and 0.83, respectively, with the former indicating a
higher fitness and suggesting that AESOP enables dosage-
controlled delivery capabilities.

To further investigate the performance of controlled protein
expression by AESOP, which is positively correlated with mRNA
abundance uptake by the cells,37 we introduced eGFP mRNA into
primary T cells and measured the GFP expression level in the cell
population using a flow cytometer. The dosage of eGFP mRNA
(0.5, 1.0, and 1.5 μg) was used for cell transfection. The results
demonstrated that AESOP could control the expression levels of
GFP protein by observing an increasing trend of fluorescence
intensity as the mRNA dosage increased. The trend was evidenced
by the fluorescence histogram peaks shifting to the right. Although
the transfection efficiency increased for the electroporation groups,
the fluorescence histogram peaks remained at approximately the
same value without a dynamic shift when the mRNA dosage
increased [Fig. 4(c)]. At higher concentrations of eGFP mRNA
(5 and 10 μg), electroporation transfection efficiency did not
change, and MFI of transfected cells varied slightly and was donor-
dependent (Fig. S5 in the supplementary material).

D. CAR mRNA transfection and CAR T-cell generation
with dosage control

In the previous section, we proved that AESOP could deliver
and control the dosage of cargoes, thus titrating the protein expres-
sion level by eGFP mRNA as a proof of concept. In this section,
CAR mRNA encoding anti-CD19 and GFP-reporter (Fig. S2 in the
supplementary material) was manufactured from the
pSLCAR-CD19-CD3z plasmid33 by in vitro transcription (IVT), is
used to test CAR mRNA transfection. To verify whether the GFP
reporter is a proper indicator of the CAR gene (anti-CD19), we
measured the relationship between the GFP reporter and CAR
expression. Transfected cells were labeled with anti-CD19 APC
[Fig. 5(c)]. Linear correlation was observed between APC and GFP
fluorescence intensity, indicating that the GFP reporter was a
proper indicator of CAR expression [Fig. S3 in the supplementary
material]. First, we explored the performance of AESOP for the
intracellular delivery of CAR mRNA and obtained the transfection
efficiency according to the GFP reporter 24 h after the experiment.
According to the results, the AESOP group showed 64% transfec-
tion efficiency and 80% cell viability compared to the electropora-
tion groups, which had transfection efficiency and cell viability at
approximately 35% [Figs. 5(a) and 5(b)]. Finally, we delivered three
different dosages of CAR-mRNA (2.5, 5.0, and 7.5 μg) into primary
T cells to investigate the corresponding CAR expression level.
Based on these results, the APC fluorescence intensity, which corre-
sponded to the CAR expression level on the cell membrane,

increased when the dosage of CAR mRNA increased in AESOP.
However, the CAR expression levels were widespread in the electro-
poration group, and no fluorescence intensity shifts were observed
as the CAR mRNA dosage increased.

III. MATERIALS AND METHODS

A. Materials and reagents

Fetal bovine serum (FBS), Iscove’s modified Dulbecco’s
medium (IMDM), Dynabeads CD3/CD28, and recombinant
human interleukin-2 (IL-2) protein (Invitrogen) were purchased
from Thermo Fisher Scientific. ImmunoCult-XF T Cell Expansion
Medium and immunomagnetic negative selection kits were pur-
chased from STEMCELL Technologies. FITC-dextran molecules
(500 kDa) were purchased from Millipore Sigma.
CleanCap-Enhanced Green Fluorescent Protein mRNA (L-7601)
was purchased from TriLink Biotechnologies. APC-Labeled Human
CD19 Protein was purchased from Acro Biosystems.

B. AESOP device fabrication

AESOP integrates Interdigitated Array (IDA) electrodes with
an LCAT microfluidic chip. For the IDA electrode fabrication, we
used the lift-off technique. At the beginning of the lift-off process,
the positive photoresist MICROPSIT S1813 was patterned with the
outline of the electrode as a standard photolithography protocol.
E-beam evaporation was performed to deposit 300 Å of chromium
(Cr) followed by 1000 Å of gold (Au) on glass slides. Finally, the
glass slides were sonicated in an acetone bath to remove the
unwanted metal photoresist and the metal layer. For the microflui-
dic part, standard photolithography was used to fabricate the nega-
tive mold, in which a negative photoresist SU-8 2075 (Kayaku
Advanced Materials, Inc.) was used for pattern fabrication on a
silicon wafer. Finally, a polydimethylsiloxane (PDMS) (Sylgard 184,
Dow Corning) base was mixed with a curing agent at a 10:1 ratio
and poured onto the silicon wafer mold, degassed for 1 h in a
vacuum chamber, and cured at 65 °C overnight. Finally, the cured
PDMS was bonded onto the glass slide with the electrode after the
oxygen plasma treatment and baked overnight at 65 °C to allow the
PDMS device to recover its hydrophobicity.

C. Primary T-cell isolation and culture protocols

Blood samples from healthy donors were obtained from the
Institute for Clinical and Translational Science (ICTS) at the
University of California, Irvine. Within 12 h of blood collection,
primary T cells were isolated using immunomagnetic negative
selection kits (STEMCELL Technologies) according to the sug-
gested protocols. After isolation, the T cells were mixed with
PBS-washed CD3/CD28 Dynabeads at a cell-to-bead ratio of 1:1.
Isolated T cells and Dynabeads were cultured in the
ImmunoCult-XF T Cell Expansion Medium with 30 Uml−1 human
IL-2 recombinant protein at 37 °C in a humidified 5% CO2 incuba-
tor for 3 days at a seeding density of 1 × 106 cells ml−1. Each “n”
refers do a donor; n = 3 is three replicates, an experiment from each
of the three donors. AESOP and bulk EP were tested with the same
donors.
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FIG. 4. Dosage-controlled delivery and protein expression-level manipulation by AESOP. (a) Flow cytometry histogram of GFP fluorescence intensity of various input
dextran concentrations. (b) Line graph showing the linear correlation between the mean fluorescence intensity (MFI) and dextran concentration. The R-squared values in
AESOP and electroporation groups are 0.99 and 0.83, respectively. (c) Flow cytometry histogram of the GFP protein expression under different dosages of eGFP mRNA.
The dashed lines indicate the mean GFP protein expression level corresponds with various dosages of mRNA.
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D. CAR mRNA synthesis

pSLCAR-CD19-CD3z was a gift from Scott McComb
(Addgene plasmid No. 135993; http://n2t.net/addgene:135993;
RRID:Addgene_135993).33 In vitro transcription (IVT) was per-
formed by TriLink Biotechnologies to synthesize mRNA encoding
CAR-CD19.

E. Setup of the RT-qPCR

The genotype of human primary T cells was characterized
after processing with AESOP and electroporation. RT-qPCR was

performed and measured in human 18S and NR4A1 mRNA
expression quantitatively 3 days after the process. The Quick-RNA
Microprep Kit purchased from Zymo Research was used to lyse
cells, extract RNA, and purify RNA according to the manufacturer’s
protocol. NanoDrop 2000 spectrometers were used to measure the
concentration and purity of the RNA samples (260/280 > 2.0).
Next, the iScript™ cDNA Synthesis Kit (Bio-Rad) was used to syn-
thesize 500 ng RNA from each sample into cDNA products, and
the thermocycler protocol was 25 °C for 5 min, 42 °C for 30 min,
85 °C for 5 min, and then 4 °C for 10 min. Finally, 20 μl of
RT-qPCR mix was prepared with 10 μl SYBR™ Green PCR Master

FIG. 5. AESOP performance of CAR mRNA transfection and control of the CAR expression into the T-cell population. (a) Flow cytometry histogram for quantifying CAR
mRNA transfection efficiency according to GFP reporter. (b) Transfection efficiency of CAR mNRA and cell viability of T cells measured 24 h after intracellular delivery. (c)
Magnified image of single CAR T cells with GFP reporter and label of anti-CD19 stained with an APC stain. (d) The histogram of fluorescence intensity used to measure
anti-CD19 expression levels under various CAR mRNA dosages.
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Mix (Thermo Fisher Scientific), 8 μl cDNA products, and 1 μl each
forward and reverse primer. A S1000 Thermal Cycler (Bio-Rad)
was used with the following thermal cycling setup: 95 °C for 3 min,
95 °C for 10 s, then 55 °C for 30 s, which repeated for 40 cycles.
The sequences of the forward and reverse primers for human 18S
rRNA were 50-ATTCGAACGTCTGCCCTATCAA-30, and
50-CGGGAGTGGGTAATTTGCG-30, respectively. The sequences
of the forward and reverse primers for NR4A1 were
50-ATGCCTCCCCTACCAATCTTC-30, and 50-CACCAGTTCCTG
GAACTTGGA-30, respectively. All the primers were purchased
from Integrated DNA Technologies.

F. Flow cytometry analysis

After transfection with AESOP and eGFP or CAR mRNA, T
cells were incubated in ImmunoCult-XF T Cell Expansion Medium
and immunomagnetic negative selection kits were purchased from
STEMCELL Technologies. After 24 h, the cells were washed and
resuspended in a flow cytometry buffer (2% FBS in PBS). For the
cell viability assay, Calcein Red or Blue AM (AAT Bioquest) was
added to the cell solution at a 1:100 volume ratio to stain live cells.
According to the manufacturer’s protocol, T cells were stained with
APC-labeled Human CD19 protein (Acro Biosystems) for CAR
T-cell transfection. The cell samples were then scanned using an
ImageStream Mark II Imaging Flow Cytometer (Amnis
Corporation) at 60× magnification. Cell viability, transfection effi-
ciency, and fluorescence intensity (%CV) were analyzed using
IDEAS, a simulation software (Amnis Corporation), and FlowJo.
The flow cytometry gating strategy is shown in Fig. S4 in the
supplementary material.

G. T cells IFN-γ and TNF-α release measured by ELISA
kit

IFN-γ release by T cells was quantified using ELISA MAX™

Standard Set Human IFN-γ purchased from BioLegend. According
to the manufacturer’s instructions, all reagents not included in the
kit were purchased from BioLegend. Standard curves and samples
were prepared according to the manufacturer’s instructions. A
BioTek Cytation5 plate reader was used to acquire results using a
colorimetric mold. TNF-α release was quantified using BD
OptEIA™ Human TNF ELISA Kit II from BD Bioscience, accord-
ing to the manufacturer protocol. Absorbance was read using an
ELISA plate reader, Spectra Max ABS Plus (Molecular Devices).

H. Electroporation transfection experiment

All electroporation experiments were performed using the
Lonza Nucleofector Transfection 4D Device. The electroporation
buffer and cuvettes were obtained from the P3 Primary Cell
4D-NucleofectorTM X Kit L and prepared according to the manu-
facturer’s protocol. The electroporation program used for stimu-
lated primary T cells was included in the electroporator (EO-115).

I. Antibody-binding capacity bead assay

The number of eGFP molecules in T cells isolated from
healthy donors was quantitated using Quantum Simply Cellular
(Bangs Laboratories, USA, Catalog No. 816) according to the

manufacturer’s protocol. The antibody used to perform bead conju-
gation was the Human IgG Fluorescein-conjugated Antibody (R&D
systems, catalog No. F0158). Using calibration curves generated by
running the fluorescent conjugated beads on the same system
(Agilent, NovoCyte 3000) at the same time as cells, we could
convert fluorescent intensity (FI) values to absolute numbers of
binding molecules. The FI values were obtained with Novoexpress
(Agilent) and analyzed in FlowJo.

J. Double emulsion encapsulates dextran preparation

The double emulsion droplets (DEDs) were generated using a
flow-focusing microfluidic channel. The inner phase comprised
250 mM sucrose with 2 mg/ml FITC (fluorescein isothiocyanate).
The oil phase comprised 7.5 mg/ml DOPC, 2.5 mg/ml DPPC, and
5 mg/ml cholesterol dissolved in oleic acid. A detailed droplet gen-
eration method and channel geometry can be found in our former
study.38 In brief, the inner and oil phases were sheared by an
external phase (15% glycerol + 125 mM NaCl + 6% Pluronic F68),
and droplets were pinched off. The DEDs were diluted in 1× PBS
before sending to the flow cytometry.

1. Image data processing and analysis

High-speed images were recorded using a phantom high-
speed camera (Vision Research, USA). The cell traveling distance
was measured using ImageJ, an analysis software (https://imagej.
nih.gov/ij/).

IV. DISCUSSION AND CONCLUSION

The antitumor efficacy of CAR T cells relies on the interac-
tions between the receptors on engineered T cells and the ligands
on the tumor cells. CAR is usually expressed by introducing tumor-
specific gene sequences against tumor antigens such as anti-CD19
into the nucleus of T cells. The density of CAR molecules on the
membrane of CAR T cells influences their heterogeneity, thereby
affecting their functionalities and antitumor efficacies.39,40 More
specifically, CARHigh T cells are associated with excessive cytokine
release, whereas CARLow T cells are not equipped with effective
ligands that interact with tumor cells. The traditional non-viral
approach used to introduce CAR genes is bulk electroporation,
which operates on the principle of an electrical field opening and
expanding nanopores on the cell membrane.21 However, bulk elec-
troporation applies an undesired strong electrical field to initiate
membrane pores, damaging cell viability.41 We recognize the trans-
fection efficiency of the electroporator system used in this study
can be further increased by exploring different input programs or
optimizing T-cell activation and expansion conditions.42 However,
we believe an improvement in T-cell growth conditions will also
improve the transfection efficiency of the AESOP platform. To
date, there are few reported bulk electroporation platforms capable
of controlling CAR expressions on the surface of T-cell membranes
to produce homogeneous CAR T cells, particularly in human
primary T cells. Moreover, most platforms do not prove uniform
delivery through the characterization of CAR surface density.

In previous studies, we have shown that AESOP permeabilizes
the cell membrane and controls cellular dosage uptake efficiently,
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precisely, and in high throughput. AESOP consists of a two-step
membrane disruption strategy: mechanical shear pore initialization
and electrical field pore modulation. First, AESOP employs LCAT’s
bubble oscillation and microstreaming vortices to apply gentle,
tunable, and uniform mechanical shear on cells near oscillating
air-liquid interfaces to uniformly create nanopores on their
membranes. Second, these nanopores are enlarged upon uniform
exposure of the cells to gentle, low-strength electric fields. After
nanopore creation and expansion on cell membranes, acoustic
microstreaming generates chaotic mixing to ensure that the cargo
can be uniformly and efficiently delivered into the cells. Cells con-
tinuously mix with cargoes in acoustic microstreaming vortices,
resulting in a uniform cellular uptake across the cell population.

To adopt CAR T-cell therapy in clinical settings, it is critical
to satisfy the requirements for high-throughput cell processing.43

On average, many CAR T cells, ranging from millions to billions,
are sufficient to eradicate tumors for successful treatment outcomes
and patient survival. In this study, we modified our AESOP design
to further increase the cell-processing density and speed from the
previously reported 106 cells per minute per chip to 3 × 106 cells
per minute per chip. Specifically, seven parallel microchannels with
one shared inlet and one outlet intensified the bulk fluid containing
T cells and mRNA cargoes to facilitate sample pumping/processing.
Increasing the channel height from 40 to 60 μm further enhanced
throughput from 1.5 × 106 cells per minute for each chip to 3 × 106

cells per minute for each chip. We are exploring the development of
an even higher throughput, 10–100 × 106 cell capacity system, using
larger or multiple piezoelectric transducers and a larger configuration
of gold-patterned electrodes to accommodate higher doses of CAR T
cells needed in the clinic. Another potential adjustment to improve
throughput is increasing the chip’s width and height. Alternatively,
our platform supports batch processing by leveraging its self-
pumping and cell trapping capabilities.

Our group previously demonstrated that AESOP enabled the
delivery of 6.1 kbp eGFP and 9.3 kbp CRISPR-Cas9 plasmids with
high efficiency and viability. While the study provided a proof of
concept that plasmid encoding CAR genes, with a size of approxi-
mately 9 kbp33 delivered into T cells using AESOP is possible,
delivery using plasmid for CAR T-cell generation has several limi-
tations: Plasmids need to enter the cell nucleus, and then become
transcribed into mRNA. Once mRNA is formed, the mRNA mole-
cule is released into the cytoplasm and translated into a protein.
Consequently, plasmid delivery is slower than direct mRNA deliv-
ery and poses delayed manufacturing challenges. More importantly,
CD19-directed CAR T cells target both cancerous and normal B
cells, and the elimination of all CD19-positive cells potentially
results in B-cell aplasia.44 Since plasmid-delivered CAR T cells
exhibit permanent CAR expression, integrating the new genome
into the host nucleus presents several safety concerns owing to the
insertion of foreign genetic materials and immunogenicity.
Furthermore, the size of the plasmid (5–9 kbp)33 is much larger
than that of mRNA (300–500 base pairs)45 and is more challenging
to deliver. In contrast to plasmids, mRNA allows for the transient
expression of CAR as it is translated without genomic integration
and has the potential to cause fewer on-target, off-tumor effects.
Most synthetic mRNA molecules can be designed quickly and
mass-produced cost-effectively. Additionally, the amount of mRNA

delivered to T cells affects the level of CAR expression in T cells,
indicating that mRNA-based CAR expressions may offer a means
to modulate the side effects associated with CAR T-cell therapy,
such as cytokine release syndrome. In this study, we have shown
that AESOP precisely controls the amount of intracellular dextran
expression under different input dextran doses from 0.5 to 1.5 μg
while bulk electroporation consistently generates the same intracel-
lular dextran expression under different input dextran doses from
0.5 to 1.5 μg. This highlights the ability of AESOP to control the
amount of protein expression and generate homogeneous cells. We
then further expanded the study to develop CAR T cells that
expressed anti-CD19 using AESOP, and our results demonstrate a
dosage-controlled anti-CD19 expression (greater than 65%) from
CARHigh, CARMedium to CARLow. This lends itself to more precise
cell engineering applications, and, to the best of our knowledge, no
other studies have demonstrated the ability to titrate the CAR
expression. Furthermore, we used %CV and an antibody-binding
capacity assay to indicate the relative dispersion of the amount of
mRNA delivered to the cell population, and our study showed that
%CV <60 can be achieved by AESOP. Compared to the commercial
Lonza electroporation platform, AESOP also demonstrated a signif-
icantly higher cell viability and transfection efficiency. These are
particularly important for controlling uniform CAR expressions
while reducing the cost associated with CAR T-cell generation.

In summary, AESOP provides a well-controlled process with a
minimal benchtop space requirement capable of generating
uniform CAR T cells for clinical applications. Moreover, our plat-
form can be used to study the effect of CAR density on T-cell func-
tionality and clinical responses in cancer treatment. Future work
will involve testing the co-culture of CAR T cells with cancer cells
and examining cytotoxicity, cell exhaustion, and cytokine release in
a more physiological anticancer environment. AESOP can also be
used to engineer a variety of cells more precisely, such as stem cells,
dendritic cells, and macrophages. Finally, the comprehension of
fluid mechanics and electroporation offers an important tool for
identifying new physical approaches for controlled, uniform
protein expressions that can be used to develop new cell therapies.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures and
notes on shear calculations, plasmids, and flow cytometry.
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