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Chimeric antigen receptor (CAR)-T cell therapies have revolutionized cancer treatment, particularly in

hematological malignancies. However, their application to solid tumors is limited, and they face challenges

in safety, scalability, and cost. To enhance current CAR-T cell therapies, the integration of microfluidic

technologies, harnessing their inherent advantages, such as reduced sample consumption, simplicity in

operation, cost-effectiveness, automation, and high scalability, has emerged as a powerful solution. This

review provides a comprehensive overview of the step-by-step manufacturing process of CAR-T cells,

identifies existing difficulties at each production stage, and discusses the successful implementation of

microfluidics and related technologies in addressing these challenges. Furthermore, this review investigates

the potential of microfluidics-based methodologies in advancing cell-based therapy across various

applications, including solid tumors, next-generation CAR constructs, T-cell receptors, and the

development of allogeneic “off-the-shelf” CAR products.

1. Introduction

Historically, cancer treatment has involved the
implementation of traditional therapeutic methods,

including surgery, radiation therapy, and chemotherapy.
These approaches, separately or in combination, have
shown considerable success in the fight against cancer;
however, overall cancer survival statistics have not
significantly improved. Immunotherapy has recently gained
significant recognition as a next-generation treatment
modality that harnesses the inherent capabilities of the
immune system of patients to combat cancer. This form of
biological treatment employs various strategies, such as
immune checkpoint inhibitors, cancer vaccines, and
chimeric antigen receptor (CAR)-T cells. Among these, CAR-
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T cell therapy has emerged as a breakthrough, providing
remarkable efficacy and renewed hope for patients with
limited treatment options or relapsed/refractory disease.1

CAR-T cell therapy leverages genetically engineered T cells
from patients to recognize and attack cancer cells. This
method has been effective in treating hematological
malignancies, such as leukemia, lymphoma, and multiple
myeloma.2–4 As of January 2023, the US Food and Drug
Administration (FDA) has approved six CAR-Tcell therapy
products (Kymriah®, Breyanzi®, Abecma®, Carvykti®,
Yescarta®, and Tecartus®), and more than 1000 clinical
trials are currently underway.5 Moreover, CAR-T cell therapy
has shown the ability to induce long-lasting complete
remission that persists for over 10 years,6 thereby
demonstrating its potential to revolutionize the current
cancer treatment paradigm.

CAR-T cell production begins with the processing of whole
blood collected from patients, as illustrated in Fig. 1. As T
cells are derived from the peripheral blood of patients with
cancer, achieving a large cell yield is crucial. Magnetic bead-
conjugated antibodies are used for isolating T cells. The
isolated autologous T cells are then non-antigen-specifically
activated using anti-CD3/CD28 antibodies or nanoparticles.
Following activation, the cells are transfected with CAR
transgenes with gamma-retro- or lentiviral vectors. CAR-T
cells are further expanded to achieve the required clinical
dose. This expansion is typically accomplished by co-
incubating the cells with anti-CD3/CD28 antibodies or
nanoparticles, which were also used in the previous step of T
cell activation. Finally, these CAR-T cells are cryopreserved
and transported to clinical sites to reinject them into
patients.7,8

Despite the promising outcomes, CAR-T-cell therapy still
requires considerable development before it can be used as a
viable alternative to existing cancer treatment approaches.
Notably, the efficacy of CAR-T cell therapy is substantially low

for solid tumors than that for blood cancers.9 Moreover, the
high cost of CAR-T cell therapy is a major barrier to its
widespread accessibility and benefit.10 Safety concerns
related to mutagenesis and off-targeting effects due to the
use of viruses, limited scalability, lack of standardization
because of manufacturing challenges, along with other
obstacles, hinder the democratization of the therapy.11 Thus,
immediately addressing these limitations to boost the
adoption of CAR-T cell therapy is crucial. We believe that
microfluidics and microfluidics-associated technologies hold
great potential to overcome or aid in overcoming these
challenges and provide breakthrough advancements in CAR-
T cell therapy.

Microfluidic lab-on-a-chip technologies offer numerous
advantages, such as the reduction of the amount of
substances needed for analysis, cost-effectiveness,
operational simplicity, high-throughput processing, precise
flow and cell control, and the potential for fully automated
operations.12 These advantages position microfluidic
technologies as a practical toolkit for addressing various
challenges in biomedical research. Further, microfluidic
technologies offer other advantages, such as improving
point-of-care diagnosis,13 facilitating drug screening and
development,14 simplifying sample preparation and control,15

advancing precision medicine,16 enabling single-cell and
spatial multi-omics,17 and more.18 Therefore, microfluidics-
based methods have found great utility in CAR-T cell therapy,
thus potentially enhancing cancer immunotherapy research.

Several reviews are available on the current limitations
and future prospects of CAR-T cell immunotherapy;
however,1,5,19–21 only few reviews that are exclusively
dedicated to exploring microfluidic approaches within CAR-T
cell therapy have been published.

Therefore, this review aims to provide an overview of the
current state-of-the-art CAR-T cell therapy, with particular
emphasis on its production, while also highlighting existing
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challenges and bottlenecks. Further, it delves into how
current and potential microfluidic technologies can
specifically address these challenges, thereby contributing to
the advancement of CAR-T cell therapy. Moreover, this review
aims to explore the development of next-generation CAR-T
cell approaches from a microfluidic perspective. By
presenting the current landscape of CAR-T cell therapy and
associated limitations and showcasing the potential solutions
enabled by microfluidics, this review seeks to shed light on
new opportunities for incorporating microfluidic
technologies, thus expanding the horizon for CAR-T cell
therapy (Fig. 2).

2. CAR-T cell production overview
and microfluidic opportunities
2.1. T cell isolation from whole blood

The peripheral blood is the primary source of material for
CAR-T cell drug production. The initial ex vivo step in CAR-T
cell production involves isolating T cells, a specific subset of
white blood cells (WBCs) found within peripheral blood
mononuclear cells (PBMCs). A 1 mL sample of whole blood
derived from a healthy adult contains approximately 2 × 106

PBMCs, comprising 25–60% CD4-positive T cells and 5–30%
CD8-positive T cells. PBMCs isolated from patients with
cancer yield different proportions of CD4-positive T cell
subtype with increased T helper 2-cells and low levels of
cancer cell cytotoxic cytokines, including TNF-α and INF-γ.22

Given that the required dose of CAR-T cells per patient
exceeds 1 × 108 CAR-expressing cells,4 achieving high
scalability (i.e., processing of large cell numbers) is essential
for blood cell sorting and classification platforms. In the
following section, we discuss the separation of PBMCs from
whole blood and subsequent isolation of T cells to
manufacture CAR-T cells.

2.1.1. Conventional T cell isolation from whole blood
2.1.1.1. PBMC isolation from whole blood. The initial step

of drug production in all FDA-approved CAR-T cell therapies
involves the preparation of PBMCs from whole blood. PBMCs
can be prepared via leukapheresis, which involves separating
mononuclear cells, including lymphocytes, natural killer (NK)
cells, and monocytes, from the anticoagulated peripheral
blood. This separation can be achieved using two common
benchtop methods (Fig. 3), namely density gradient
centrifugation and elutriation centrifugation. During density
gradient centrifugation, density gradient media are used to

Fig. 1 Overview of CAR-T cell manufacturing process.

Fig. 2 Microfluidic application for CAR-T cell production and cell-
based immunotherapy.
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create layers with varying densities, ranging from low to high.
These layers separate PBMCs from red blood cells (RBCs).
PBMCs are then harvested from the thin layer between the
plasma and gradient media during centrifugation.23 In
contrast, elutriation centrifugation employs two opposite
forces, fluid flow and centrifugation, to separate cells based
on size, morphology, and density, which can be handled by
the instrument without additional processes.24–26

2.1.1.2. T cell isolation from PBMCs. In FDA-approved CAR-
T cell products, direct activation of T cells occurs in the
leukapheresis samples. However, in current fully automated
CAR-T cell production instruments, such as CliniMACS
Prodigy (Miltenyi Biotec, Germany) and Cocoon (Lonza,
Switzerland), challenges arise due to cellular heterogeneity
within PBMCs in leukapheresis samples.27,28 Therefore,
further purification should be achieved through antibody-
mediated approaches such as magnetic-activated cell sorting
(MACS) and fluorescence-activated cell sorting (FACS). In
MACS, columns packed with antibody-conjugated magnetic
beads are placed between magnets.29 Within these columns,
cells expressing the target antibodies are captured, and the
remaining cells are extracted. Positive selection utilizes
biomarkers expressed on T cells (e.g., CD3 and CD28) to
specifically capture T cells, whereas negative selection uses
biomarkers that are not expressed on T cells (e.g., CD56) to
exclude unwanted cell populations. Alternatively, FACS
enables T cell sorting using antibody-conjugated
fluorophores.30,31 The emitted signal allows isolation of T
cells within the electric field by activating fluorophores with
a laser.

2.1.2. Microfluidic T cell and PBMC separation from whole
blood. Among the conventional technologies, apheresis
systems, such as COBE Spectra (Terumo BCT, USA), can
process approximately 1.93 × 108 CD34-positive cells in
whole blood at a rate of 85 mL min−1.32 Moreover,
automated MACS can isolate 2 × 108 labeled cells from up
to 15 mL of whole blood.33 Furthermore, the fully
automated CliniMACS Prodigy directly isolates CD4-positive
or CD8-positive T cells from whole blood with 90% purity.34

Thus, microfluidics can play a pivotal role for improved
scalability and purity.

Microfiltration membranes and microfluidic density
gradients have been employed to classify PBMCs isolated
from blood samples.35–37 The microfluidic density gradient
approach leverages the equilibrium between centrifugal and
buoyancy forces acting on blood cells within a rotating
construct.38 Using this label-free microfluidic technology,
PBMCs can be isolated from whole blood at a processing rate
of approximately 30 μL min−1. Chen et al. presented
compelling results, achieving high-throughput (<20 mL
min−1) and high-purity (∼97%) separation for
immunophenotyping subpopulations of immune cells using
microfiltration membranes.35 When the blood sample was
passed through a microfiltration membrane made of
polydimethylsiloxane (PDMS), target cells larger than the
filter's pore size were captured by antibody-conjugated beads.
Moreover, direct T cell isolation from blood samples has
been demonstrated, primarily for diagnostic purposes, such
as for HIV, immunological change monitoring, and basic
biological research (Fig. 4a and b).39–44 These studies used
antibody-conjugated surfaces or magnetic beads for T cell
separation, thus achieving purity greater than 95%. The
throughput of these devices is insufficient for cell-based
immunotherapy, via channel parallelization; however, higher
scalability can potentially be expected.

Recent advancements in microfluidic technologies have
prompted significant research on label-free microfluidic cell
or particle separation employing deterministic lateral
displacement (DLD),45 dielectrophoresis (DEP),46 and
acoustophoresis.47 However, these studies primarily
emphasize on the separation of WBCs and RBCs, thus
leading to a paucity of investigations that directly classify T
cells or PBMCs from whole blood. Thus, prioritizing the
development of complete solutions that can directly isolate T
cells or PBMCs from whole blood with high scalability in a
label-free manner is essential for the field of microfluidics.
Microfluidic technologies can provide practical solutions,
which can be immediately applied to CAR-T cell
manufacturing, by shifting the focus to T cell and PBMC
separation in a sample-in-and-sample-out format.

2.2. T cell activation and expansion

T cells intended for clinical use in CAR-T cell therapy are
typically activated before and/or after gene transfer to meet
the requirements for clinical doses. For in vivo activation of T
cells, the use of autologous dendritic cells (DC) and B cells
can be exploited, thus allowing for antigen-specific activation
using various co-stimulatory molecules.48 However, owing to
inherent patient variability and differences in culture systems
between DCs and B cells, allogeneic exogenous antigen-
loaded antigen-presenting cells (APCs), commonly referred to
as feeder cells, are typically co-cultured with T cells ex vivo.
Nevertheless, it's important to note that the use of artificial
APCs in this manner has certain limitations in terms of
scalability. Therefore, non-antigen-specific activation is often
performed using anti-CD3/CD28 antibodies or beads.49,50 Six

Fig. 3 Benchtop cell separation methods. (a) Density gradient
centrifugation. (b) Elutriation centrifugation.
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FDA-approved CAR-T cell products enrich T cells using this
non-antigen-specific activation process.51,52 In addition to
anti-CD3/CD28 activation, cytokines, such as interleukin (IL)-
2, IL-4, IL-7, and IL-15, which play roles in T cell survival and
activation, are incorporated into the ex vivo culture media.53

Conventional methods for T cell expansion and activation
still has a limitation in that the interactions of T cells with
other substances are neither controlled nor well-defined.54 To
address this limitation, researchers have explored more
precise approaches that are aimed at controlling the
interactions of T cells with activation pathways. One such
approach is the use of microfluidic platforms, which enable
dynamic manipulation of the cells and cellular
microenvironment55–57 and then allow T cell activation at the
single-cell level.54,58,59 These microfluidic approaches not
only precisely control T cell activation but also facilitate the
study of T cell heterogeneity at the single-cell level. In
addition, to address the issue of low scalability associated
with feeder cell-based T cell activation, a microfluidic
intracellular delivery platform for the large-scale production
of feeder cells has been introduced as a practical solution
(Fig. 4c).60

2.3. Gene transfer to T cells for CAR expression

To manufacture CAR-T cells, internalizing CAR genes into
individual T cells is necessary. To achieve this, various
techniques have been developed. These techniques can be
broadly classified into two categories, namely viral
transduction, and non-viral transfection technologies (Fig. 5).
In the subsequent sections, we provide an overview of these
methods and discuss how microfluidics-related technologies
can help address current limitations.

2.3.1. Viral vectors for CAR-T cell production. The current
standard method for introducing CAR genes into T cells is
viral transduction, which is utilized in approximately 94% of
evaluable CAR-T cell manufacturing routes.61 Owing to their
ability to integrate into the T cell genome, viral vectors
exhibit high transduction efficiency, up to 70%,62 and
provide long-lasting drug efficacy in the fight against cancer.6

Lentiviral and gammaretroviral vectors are the most
commonly used viral vectors in CAR-T cell manufacturing,
among a variety of viral vectors, including adenovirus and
adeno-associated virus.63–65 All six FDA-approved CAR-T cell
therapy products are based on lentiviral vector (Kymriah®,
Breyanzi®, Abecma®, and Carvykti®) and gammaretroviral

Fig. 4 Microfluidic immune cell separation and T cell activation. (a) T cell separation from whole blood using the immunomagnetic microfluidic
system for PCR analysis. Reproduced with ref. 43 with permission from The Royal Society of Chemistry. (b) Microfluidic CD4-positive T cell
quantification from whole blood. Reproduced from ref. 40 (CC BY). (c) Microfluidic engineering of antigen presenting cell (APC) for T cell
activation. Reproduced from ref. 60 (CC BY-NC-ND 4.0).

Fig. 5 Two routes for the intracellular delivery for CAR-T cell
production. (a) Viral transduction and (b) non-viral technologies,
including electroporation, lipofection, and microfluidic membrane
disruption-mediated approaches that deliver transient and integrated
cargos.
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vector (Yescarta® and Tecartus®) as their methods of T cell
transduction.

Virus-based T cell transduction can be divided into two
discrete stages: the production of viral vector and subsequent
transduction of T cells to enable CAR expression (Fig. 6). The
initial step involves preparing a substantial quantity of viral
vectors and T cells and allowing the introduction of viral
vectors into target T cells on day 0. The former phase entails
the production of viral vectors utilizing vector packaging cells
and activation of T cells from day −6 to day −1.

Stable packaging cell lines, namely, PA31713, PG1314, and
293GP15, have been extensively employed for
gammaretroviral vectors.66 These cell lines express gag-pol-
rev in a stable manner, thereby eliminating the need for the
introduction of supplementary packaging constructs. This
enhances compatibility with current good manufacturing
practices (cGMP) by providing traceability of clinical vector
producer cell lines. Moreover, these cell lines can enhance
viral titers and safety. Conversely, there is currently a lack of
stable packaging cell lines for lentiviral vectors, thus leading
to the common usage of HEK293T cells for packaging
purposes.67 Briefly, CAR vectors are produced by co-
delivering vector plasmids and packaging plasmids that
contain essential genes (gag, pol, rev, and env) required for
viral replication and packaging. Owing to low transfection
efficiency, co-incubating with significant quantities of
plasmid DNA for transient transfection is necessary. The
packaging cells produce the desired CAR vectors, which are
then collected, filtered, and concentrated from the media
over several days.

Upon completion of CAR vector preparation on day 0
(Fig. 6), these viral vectors are introduced into the activated T
cells. Following 3–7 days of culture to enable transduction
and proliferation, the transduced T cells are collected,
filtered, and subjected to a validation assay to confirm CAR
expression. The cells are finally cryopreserved.68

2.3.1.1. Current limitations of viral transduction. As
described above, viral vectors are primarily used in the
production of CAR-T cells; however, there are certain
challenges that prevent viral transduction to become a

reliable and affordable cancer treatment option.40 One of the
major concerns is related to biological complications
associated with viral vector-mediated transduction. These
complications include undesired effects on the expression of
genes related to inflammation, metabolism, and cell cycle
regulation,69,70 induction of cell stress, and influence on cell
proliferation.71 Additionally, the tendency of retroviral vectors
to integrate near transcriptional start sites may lead to their
insertion adjacent to oncogenic promoters, which can
potentially trigger cancer development.72 Furthermore, viral
vectors have a limited packaging capacity that typically carry
only a single type of cargo at a time, with a genome size
typically ranging from 5 to 7.5 kilobase pairs (kbp).73 The
most critical hindrance to the widespread use of viral
transduction is its exceptionally high production cost and
requirement of excessive number of packaging cells and
specialized facilities. These limitations render viral vectors
suboptimal for genome editing applications. Therefore, to
advance CAR-T cell therapy as a safe, efficacious, and
affordable cancer treatment option, an ideal transfection/
transduction platform should be minimally invasive, scalable,
adaptable to hard-to-transfect cells, dosage-controllable, and
cost-effective.73

2.3.1.2. Microfluidic technologies to facilitate viral
transduction. Currently, the production of viral vectors for
CAR-T cell therapy relies on transient and diffusion-limited
transduction of packaging cells. This approach leads to costly
and low-throughput production that is characterized by
considerable wastage of virus mass.74 Furthermore, static
well-based T cell cultures and exposure to viral vectors
contribute to significant quantity of vector waste, thereby
increasing the overall cost of CAR-T cell therapy. To overcome
these limitations, researchers have explored the use of
centrifugation to enhance transduction efficiency in target-
cell–virus cultures, thus overcoming the diffusion-limited
exposure to viral vectors.75,76 Moreover, the introduction of
small-molecule and peptide additives has been investigated
to enhance the interaction between the virus and target
cells.77,78 However, the success of centrifugation relies on
cell-specific stress responses and removal of unbound virus
from the final product through labor-intensive processes.

The implementation of microfluidics offers promising
solutions to the current limitations. Microfluidic cell culture
systems have become increasingly popular owing to their
ability to miniaturize sample volumes, facilitate convective
mass transport, and offer precise control of external
environmental factors,79–82 which can significantly benefit
viral vector-mediated transduction.83–86 Quach et al.
developed the lentiviral generation (LENGEN) system, which
is an automated microfluidic system for lentiviral vector
production and transduction (Fig. 7a).74 By reducing the need
for manual handling of cells, such as pipetting and
centrifugation, the system has achieved fully automated
production. The increased surface-to-volume ratio of the
LENGEN system has enabled faster gene transfer kinetics
with a reduced working volume, thus resulting in a 100-foldFig. 6 Timeline for generating CAR-T cells via viral transduction.
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reduction in lentiviral sample volume. This system integrates
various processes into a microfluidic device, including vector
generation and packaging, cell culture, transduction, and
analysis. As a result, the lentiviral vector generation time
significantly decreased from over 7 days to only 2 days, while
maintaining a comparable functional titer of approximately 1
× 107 TU mL−1.

In addition to enhancing packaging cell transduction for
higher-titer viral vector generation, researchers have
explored the use of microfluidics to improve T cell
transduction efficiency. Tran et al. demonstrated lentiviral
transduction of primary human T cells at a processing rate
up to 5-fold faster than that of conventional transduction
protocols. This was achieved only with one-twentieth of the
lentiviral vector volume, resulting in a titer of 8.9 × 107 TU
mL−1, surpassing current clinical transduction platforms
(Fig. 7b).87 Furthermore, Moore et al. achieved up to a
4-fold increase in lentiviral transduction efficiency of 2 ×
106 T cells compared with that under static conditions,
utilizing only half of the virus. This improvement was
achieved by enhancing the colocalization of the virus and
target cells through microfluidic spatial confinement and
advective flow (Fig. 7c).86

These proof-of-concept implementations have
demonstrated remarkable potential for integration into the
manufacturing of adoptive cell therapy products; however,
there are several other factors that still require optimization.

These include addressing challenges related to high cell
density, potential depletion of oxygen and nutrients due to
the small volume of medium, and the impact of shear stress
that is exerted on cells by medium flow. Despite
advancements in highly efficient vector production methods,
safety concerns; that is, off-targeting, genotoxicity, associated
with viral transduction of immune cells still remain.

2.3.2. Non-viral technologies for CAR-T cell production. To
address the limitations associated with virus-based methods
for CAR-T cell manufacturing, non-viral approaches for T cell
transfection have attracted substantial attention.88 Non-viral
intracellular delivery strategies encompass carrier-mediated
and membrane disruption-mediated approaches. Carrier-
mediated gene delivery methods, such as lipofection, utilize
cationic lipid carriers to deliver cargos into cells through
membrane fusion with subsequent delivery within the cells.
Conversely, membrane disruption-mediated strategies involve
direct penetration and/or permeabilization of the plasma
membrane of cells, creating discontinuities that enable the
cargos to gain intracellular access.89

An emerging technique for direct cell penetration for
nucleic acid delivery involves the use of high-aspect-ratio
nanostructures, which apply sufficient mechanical strain to
induce plasma membrane penetration and/or
permeabilization. High-aspect-ratio nanostructures (often
combined with microfluidics) have demonstrated potential as
effective tools for intracellular delivery.90–94 Moreover, they

Fig. 7 Microfluidic technologies to enhance viral transduction. (a) Lentiviral generation (LENGEN) system for lentiviral vector generation,
packaging, and transduction. Reprinted with permission from ref. 74. Copyright 2022 American Chemical Society. (b) Ex vivo microfluidic lentiviral
vector transduction platform for primary human T cells. Reprinted from ref. 87, Copyright 2017 with Elsevier. (c) Microfluidic transduction device
(MTD) that combines microfluidic spatial confinement with advective flow through a membrane to enhance lentiviral transduction. Reproduced
from ref. 86 (CC BY 4.0).
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offer several advantages such as minimal perturbation of
gene expression, cell type insensitiveness, scalability, and
compatibility with cGMP sterilization processes.95 However,
their translational potential is currently hindered by
limitations, including low-throughput transfection, complex
nanofabrication processes, and competition with well-
established mainstream transfection technologies. Thus,
further research is warranted to investigate the mechanism
underlying cell–nanostructure interactions and long-term
effects of nanostructure-mediated transfection on transfected
cells.

Beyond high-aspect-ratio nanostructures, in the
subsequent subsections, we focus on intracellular delivery
technologies that hold promise for the effective transfection
of primary immune cells with direct clinical implications on
CAR-T cell therapy. First, we will introduce other key non-
viral technologies and their applications in CAR-T cell
production. Subsequently, we will explore T cell transfection
or CAR-T cell production using electroporation, lipofection,
and microfluidic mechanoporation transfection (Fig. 5b).

2.3.2.1. Cargo types for non-viral CAR-T cell production. Prior
to discussing the various non-viral intracellular delivery
methods, we will briefly begin by examining types of cargo
and their respective properties. Cargos employed for
intracellular delivery encompass a wide range of sizes,
shapes, chemical properties, and origins. They can originate
from typical biomolecules, such as proteins, DNAs, and
RNAs, and from synthetic nanomaterials.89 These cargos can
be classified into two categories based on the genomic
integration, namely transient and integrated cargo.

2.3.2.1.1. Transient cargos. Transient cargos, such as
RNAs and plasmid DNAs, serve as alternatives to viral
vectors, thus addressing safety concerns related to
unintended integration and permanent gene expression. This
review encompasses the transfection of T cells with mRNAs
and plasmid DNAs using non-viral technologies for the
aforementioned safety reasons. However, the degradability of
transient cargos in the cytosol and nucleus poses a clear
limitation in terms of expression duration, which can impede
effective CAR-T cell production. Therefore, non-viral
technologies are now being explored for delivering integrated
cargos.

2.3.2.1.2. Integrated cargos.
Transposon (transposable element). In addition to FDA-

approved CAR-T cell therapy products that utilize an
integrative viral vector, efforts have been made to
manufacture integrated CAR-T cells using non-viral vectors
such as transposable elements (TEs), also known as jumping
genes or transposons.96 These transposons are DNA
sequences capable of repositioning a gene of interest (GOI)
through a cut-and-paste mechanism that is facilitated by the
enzyme transposase.97 The transposase gene can be delivered
in the form of plasmid DNA or synthesized mRNA, along with
plasmid DNA containing the GOI sequence that is flanked by
terminal inverted repeats (TIRs). Once translated, transposase
recognizes the TIRs (cut operation) and relocates the GOI to

a specific site in the host's chromosomal sequence (paste
operation). Among the transposons, Sleeping Beauty (SB)98

and piggyBac (PB)99 are well-known examples that exhibit
integration efficiencies comparable to those of retroviral
vectors.

Designer nuclease (genome editing technology). Despite the
success of autologous CAR-T cells, there are several
advantages of using allogeneic CAR-T cells generated from
healthy donors. These advantages include the immediate
availability of “off-the-shelf” cryopreserved batches and
reduced costs.100 However, when allogenic CAR-T cells are
infused into a patient, the endogenous αβ T cell receptors on
these cells may recognize histocompatibility antigens in the
patient, potentially leading to graft-versus-host disease
(GvHD). To address this issue, engineered nucleases, such as
zinc-finger nucleases (ZFNs),101 transcription activator-like
effector nucleases (TALENs),102 and clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9, have
garnered substantial attention as new solutions.103,104 Since
detailed information on genome editing methods can be
found elsewhere,105,106 our aim here is to highlight their
potential applications in cell-based therapy through
microfluidics alongside a brief introduction.107

Zinc-finger proteins (ZFPs) recognize specific target DNA
sequences by binding amino acids at the α-helix contact.
Synthetic zinc-finger proteins linked to the Flavobacterium
okeanokoites (Fokl) nuclease can recognize 9–18 bp
sequences. Two separate zinc-finger nucleases, referred to as
left and right nucleases, cleave the target DNA between the
recognition sites of the ZFPs. Similarly, TALENs utilize Fokl
nucleases and TALE proteins that function as ZFPs in ZFNs.
Each TALE protein consists of repeat domains composed of
33–35 amino acids, where each repeat, known as a repeat-
variable di-residue, recognizes a single base pair of the target
sequence. Compared with ZFN, TALENs offer the advantages
of lower manufacturing cost/time as they can bind to a single
sequence. In contrast, the CRISPR-Cas9 system includes
comprises single guide RNA (sgRNA) that recognizes and
binds to the target DNA, and a Cas9 nuclease that cleaves the
target DNA. The sgRNA consists of CRISPR RNA (crRNA),
which is complementary to the target sequence, and a
transactivating crRNA (tracrRNA), which facilitates Cas9
binding. The Cas9 nuclease identifies and cleaves double-
stranded DNA in a 3 bp sequence known as the protospacer
adjacent motif (PAM). Thus, the CRISPR system provides a
more accessible and modifiable approach, attributed to the
utilization of RNA–DNA base pairing for target recognition,
in contrast to the protein–DNA interactions employed by
ZFNs and TALENs.

2.3.2.2. Electroporation for CAR-T cell production.
Electroporation (EP) is the most widely used non-viral
transfection method, offering acceptable delivery–
transfection efficiency with a simple operation. First
introduced in 1982, electroporation is a physical transfection
method that employs an electrical field to disrupt the cell
membrane,108,109 allowing internalization of cargo. By
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applying external pulsed electric fields with magnitudes in
the range of several kV cm−1, a potential difference is created
across the cell membrane. When this potential difference
reaches a threshold voltage, the transmembrane potential
difference leads to the formation of membrane defects,
known as hydrophobic pores, on the lipid bilayer. These
hydrophobic pores, filled with water, function as capacitors
and cause the phospholipid heads inside the bilayer to
become hydrophilic. Ultimately, the hydrophilic pores
formed by the external pulsed electric field facilitates the
introduction of biomolecules (e.g., DNAs, mRNAs, and
nanoparticles) through electrophoretic migration. To achieve
successful intracellular delivery via electroporation, the
magnitude, duration, and number of external electric field
pulses are critical parameters that require optimization based
on cell type and cargo properties.

This and the following subsections introduce the
utilization of conventional cuvette electroporation for
transfection of CAR-T cells with transient and integrated
cargos (Fig. 8a). Although cuvette electroporation has
significantly contributed to CAR-T cell production, certain
challenges remain. Therefore, we first discuss the current
landscape of cuvette electroporation-based CAR-T cell therapy
and its limitations. Subsequently, we highlight the
advancements in microfluidics that led to the development
of microfluidic electroporation techniques (Fig. 8b), such as

capillary electroporation (Fig. 8b-(1)) and flow electroporation
(Fig. 8b-(2)).

2.3.2.2.1. Cuvette electroporation for CAR-T cell production.
Transient CAR-T cell production via cuvette electroporation. In

2010, Carl June's research group reported a study
demonstrating the use of RNA-electroporated CAR-T cells,
which alleviated safety concerns associated with integrating
viruses.110 The in vitro transcribed CAR-RNA with the optimized
vector backbone was transfected into expanded T cells using
cuvette electroporation (BTX, USA); although, specific details
regarding pulse magnitude and duration were not disclosed.
The transfection of CD19-BBz (4-1BB + CD3ζ) CAR-RNA resulted
in 91.14% efficiency using 10 μg of in vitro transcribed RNA
per 100 μL of T cells. Furthermore, the electroporated CAR-T
cells exhibited enhanced functionality, as evidenced by the
increased secretion of IL-2 and surface translocation of CD107a
following co-culture with K562-CD19 cells.

To evaluate in vivo efficacy, researchers conducted
experiments using mesothelin (ss1)-specific CARs in a mouse
model (M108-Luc). Mice injected with ss1-specific CAR-T cells
demonstrated median survival that was prolonged by 50%
compared with those of the control group. Additionally,
in vivo testing was performed using CD19-specific CAR-T
cells.111 The expression of CD19-specific CAR on cytotoxic T
cells transfected with the optimized mRNA persisted until
day 6 and gradually declined toward baseline levels by day

Fig. 8 Electroporation for T cell transfection. Schematic of electroporation: (a) cuvette and (b) microfluidic electroporation. Microfluidic
electroporation is divided into (1) capillary electroporation and (2) flow electroporation. (1)-i Capillary electroporation. Reprinted from ref. 125,
Copyright 2008 with Elsevier. (2)-i Flow electroporation. Redrawn from ref. 130. (2)-ii Flow electroporation with high conductivity sheath flow.
Reproduced from ref. 134 (CC BY). (2)-iii Electro-mechanical cell transfection. Reproduced from ref. 136 (CC BY-NC-ND 4.0). Electroporation can
be further divided into (c) static electroporation and (d) dynamic electroporation.
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10, indicating sustained expression. In a xenograft model of
acute lymphocytic leukemia (ALL), mice inoculated with ALL
cells were treated with 2.5 × 107 CD19 CAR-T cells on day 7,
which resulted in a 2 log reduction in the bioluminescent
tumor signal on day 8. Notably, the median survival within
80 days did not differ between lentivirus transduced and the
RNA-transfected CAR-T cells.

The first clinical trial via electroporation involving non-
viral mRNA CD19 CAR-T cells was conducted in patients with
Hodgkin's lymphoma under trials NCT02277522 (adult) and
NCT02624258 (pediatric).112 Of the five enrolled patients,
CAR transfection rates greater than 99% were observed in T
cells from four patients. Moreover, three of these patients
survived after receiving six doses of the treatment.

In recent studies, plasmid DNA transfection has been used
as an alternative approach for CAR-T cell production, which
provides a prolonged duration of ex vivo expression
compared with mRNA transfection.113 The efficiency of
CD19-BBz plasmid DNA transfection was 49.4% with an
optimized single pulse of 500 V for 20 ms with 2 × 106 cells
per reaction.

The utilization of transient CAR-T cells through the
electrotransfection of mRNA or plasmid DNA presents a
promising solution to address the safety concerns associated
with viral transduction, including achieving high CAR
transfection efficiencies. However, the viability of T cells
following transfection was observed to be 50–80%,111,113

which is substantially low considering the clinical dose of
CAR-T cells. Consequently, it is necessary to explore
alternative intracellular delivery strategies that can meet the
requirements of improved viability while maintaining T-cell
functionality, in addition to achieving high CAR transfection
efficiency.

Integrated CAR-T cell production via cuvette
electroporation. In addition to FDA-approved CAR-T cell
therapy, the utilization of integrated SB system-derived CD19-
CAR-T cells via cuvette electroporation has been reported.114

To achieve this, a batch of 1 × 107 PBMCs and umbilical cord
blood mononuclear cells (CBMCs) were electroporated using
a Nucleofector (Lonza, Switzerland) with 5 μg of second-
generation CAR (CD19RCD28) encoding transposon DNA
plasmids and 5 μg of pCMV-SB11 DNA plasmids. In vitro
testing demonstrated 50% and 60% lysis of CD19-positive
Daudi cells and CD19-positive K562 cells, respectively.
Notably, no significant SB11 transposase insertions were
observed in the propagated T cells.

To enable clinical scale electro-transfection with improved
transfection efficiency and T cell viability, mini-circles (MCs)
encoding CD19-CAR and SB100X transposase were delivered
to CD8+ T cells stimulated with CD3/CD28 on day 2.115

Compared with plasmids, the combination of SB100X mRNA
and MCs achieved a 3.7-fold higher gene transfer rate, with T
cell viability 48 h after transfection being 1.4-fold higher.
These findings demonstrated significant advancements in
non-viral integrated CAR-T cells, leading to tumor clearance
by day 14 in an in vivo lymphoma xenograft model. However,

it should be noted that the viability of the transfected T cells
remained low at approximately 50%.

Simultaneously, efforts have been made to optimize the
PB transposon system for T cells.116 A notable challenge
associated with electro-transfected PB transposons is the
substantial loss of viability. To address this, the addition of
IL-15 before and after transfection was investigated, and a
notable enhancement in cell viability was observed.
Specifically, electroporation of 5 × 106 PBMCs with 5 μg of
GFP-encoded PB transposon, along with varying
concentrations of PB transposase, resulted in improved
viability of 60% a day after electroporation.

It is worthwhile to mention, cuvette electroporation has
facilitated the generation of integrated CAR-T cells that
express CARs in long-term, providing a durable therapeutic
alternative to viral transduction; however, the challenge of
low viability in transfected T cells persists.

Allogeneic CAR-T cell production via cuvette
electroporation. Toward off-the-shelf cell-based therapy,
allogeneic CAR-T cells were prepared via electroporation. In
the context of universal T cell-based immunotherapy, two of
the four ZFN mRNA molecules targeting the TCRα constant
(TRAC) gene and TCRβ constant (TRBC) gene were delivered
to CAR-positive T cells.117 The CAR-T cells were initially
generated by a Nucleofector using 2 × 107 PBMCs/cuvette,
wherein plasmids encoding the SB transposon CD19RCD28
and SB 11 transposase were transfected. Following 2–4 days
of expansion, ZFN mRNA molecules were internalized into 5
× 106 T cells using a Nucleofector. Unlike other studies on
allogeneic CAR-T cells, electroporation was employed for both
CAR transfection and T cell receptor (TCR) gene knockout
(KO). Both TRAC CD3-negative and TRBC CD3-negative
CD19-CAR-T cells exhibited >40% cell lysis when exposed to
CD19-positive EL4 cells; however, no significant effect was
observed for CD19-negative cells.

In another study, TALEN mRNA was utilized for highly
efficient multiplex gene editing in primary human T cells
through electroporation, resulting in deficiencies in TRAC
and CD52, a protein targeted by alemtuzumab.118 In an
in vivo experiment using human CD19-positive lymphoma
xenograft models, five of the seven mice injected with TRAC
and CD52-KO CD19-negative CAR-T cells exhibited complete
tumor control by day 13.

In addition to ZFN and TALEN, the CRISPR-Cas9 system
enables the simultaneous disruption of two or three target
genes, leading to enhanced therapeutic efficiency.119 To
mitigate GvHD and minimize immunogenicity, it is necessary
to eliminate not only TRAC but also human leukocyte antigen
class I (HLA-I) from CAR-T cells.120 additionally, blockage of
programmed death-1 (PD-1) signaling has been considered to
reverse immunosuppression.121 Triple-knockout T cells
exhibit a predominantly mutant phenotype, with the
complete absence of beta-2 microglobulin (B2M) expression
in 100% of the cells, 85% reduction in TRAC expression, and
64.7% decrease in PD-1 expression. Furthermore, triple-
negative CAR-T cells demonstrate a high rate of tumor cell
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lysis, reaching approximately 60%. Despite high tumor cell
killing ability of allogeneic CAR-T cells, the viability of cuvette
electroporation remains a critical challenge. Notably, the fold
expansion over a 10-day period following electroporation was
substantially lower, approximately 5-fold, compared with that
of the control group across three different donors.

In addition to lower T cell viability after cuvette
electroporation, optimal sgRNA should be considered to
achieve better transfection efficiency and therapeutic effect.
As there are numerous potential sgRNAs targeting TRAC,
TRBC, CD52, B2M, and other genes within the exon
sequences, it is critical to screen for highly efficient sgRNAs
and optimize the ratio of sgRNA to Cas9 protein. The
screening process should involve the use of minimal cell and
cargo volumes, making microfluidics-based electroporation
techniques such as capillary electroporation preferable.

2.3.2.2.2. Microfluidic electroporation for CAR-T cell
production.

Capillary electroporation. As mentioned previously,
conventional cuvette electroporation results in low viability
and is not ideal for clinical applications.122 To address this
limitation, microfluidic approaches have been explored to
improve cell viability, delivery, and transfection
efficiency.123,124 In 2008, Kim et al. introduced a novel
electroporation technique that utilizes capillary and wire-type
electrodes to increase cell viability (Fig. 8b-(2)i).125 This
capillary electroporation system features increased electrode
separation, ensuring high electrical resistance and minimal
current flow, which in turn leads to a reduction in chemical
reactions. Therefore, poor T cell viability post-engineering,
which is the main limitation of cuvette electroporation, can
be improved by capillary electroporation. Using capillary
electroporation, a substantial improvement over conventional
cuvette electroporation has been achieved. For example, an
80% EGFP plasmid transfection rate has been demonstrated
for HeLa and COS-7 cell lines, with viability of 70–80%.
Attempts has also been made to apply capillary
electroporation for the direct transfection of flask-attached
adherent cells.126–128 These technologies use an electrolyte-
filled capillary with cargo, and they have demonstrated
approximately 100% transfection for 4.6 kbp YOYO-stained
plasmids while maintaining high cell viability after 24 h,
which was comparable to that in the control group. It should
be noted that this microfluidics-based work has been
successfully commercialized as a product (Neon Transfection
System; Thermo-Fisher, USA) and has been widely adopted by
numerous researchers.

CCR5-negative CD19-CAR-T cells were subjected to
homologous recombination (HDR) using the Neon
Transfection System.129 The procedure involved
electroporating expanded T cells with megaTAL nuclease
mRNA, followed by lentiviral transduction to introduce CD19-
CAR flanked by CCR5. By rendering T cells CCR5-negative,
they become resistant to HIV-I infection, enabling CCR5-
negative CD19-CAR-T cells to target HIV-associated B cell
malignancies. In an in vitro CD19-K562 cell killing assay,

CCR5-negative CD19-CAR-T cells exhibited comparable cell
lysis rates with lentiviral CD19-CAR-T cells, as evidenced by
CD107a and CD137 expression rates. The median survival
time in the murine in vivo test was 38.5 days for lentiviral
CD19-CAR-T cells and 42 days for CCR5-negative CD19-CAR-T
cells. However, it is important to acknowledge that the
throughput of capillary electroporation, approximately 2.5 ×
105 cells per batch (run) of primary T cells, remains
significantly limited, which is a fundamental drawback of
this method.

Flow electroporation. Despite the potential of capillary
electroporation to address the low cell viability associated
with cuvette electroporation, achieving high scalability (>1 ×
108 cells per treatment) for clinical applications remains
challenging. There has thus been growing interest in flow
electroporation methods using microfluidics, which offer
high-throughput capabilities.

The initial demonstration of continuous-flow
electroporation technology with proven in vivo efficacy dates
back to 2002 (Fig. 8b-(2)i).130 The system comprised a power/
switch module and disposable flow pulsing chamber. Cells
preloaded into the system were driven through the pulsing
chamber that contained two parallel gold-coated stainless-
steel electrodes, using a peristaltic pump. The mean cell
velocity was 0.5 cm s−1, while the electrical fields were
optimized to 1–2.3 kV cm−1, depending on the cell type, to
achieve optimized efficiencies exceeding 70%. For instance,
when 2.5 × 108 Jurkat cells suspended in 5 mL of
electroporation buffer mixed with 500 kDa FITC dextran (0.5
mg mL−1) were processed in the system, delivery efficiency
exceeding 90% and viability of approximately 90% was
achieved. Subsequently, the system was scaled-up to process
50 mL of sample in 9 min treatment, resulting in delivery
efficiency of approximately 60% and viability of
approximately 80%.

To assess its potential for clinical scale applications, the
disruption of the PD-1 gene using ZFN was conducted for the
adoptive transfer of autologous tumor-infiltrating
lymphocytes (TILs).131 On day 7 of expansion, TILs
suspended in electroporation buffer at a concentration of 1 ×
108 cells per mL were electroporated with 120 μg mL−1 of PD-
1 ZFN mRNA. Targeting the PD-1 gene through ZFN resulted
in a 75% disruption rate, as determined by the Cel-1 assay,
and deep sequencing revealed biallelic disruption of 44%.
Importantly, in vivo engraftment of PD-1 gene-edited T cells
did not result in proliferative abnormalities or tumor
formation during necropsy, indicating successful and safe
editing of the target gene using flow electroporation.

In another study involving TILs, NY-ESO-1 TCR-
transduced TCR-T cells were genetically edited using CRISPR-
Cas9 RNP electroporation, which showed promising results
in cancer treatment.132 NY-ESO-1 represents an antigen
found in human refractory cancers. In vitro co-culture
experiments with HLA-A2-positive tumor cells demonstrated
that the edited NY-ESO-1 TCR-T cells exhibited approximately
80% specific cell lysis, surpassing the lysis rate of NY-ESO-1
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TCR-T cells without gene editing (∼40%). Furthermore, an
in vivo assessment conducted four months after the infusion
of genetically edited NY-ESO-1 TCR-T cells in human subjects
revealed 50% regression of a large abdominal mass, as
observed by CT.

In conjunction with the success of TCR-T cells, CAR-T cell
production has also been enabled via flow electroporation.
Furthermore, as early flow electroporation technologies were
carefully refined, a cGMP-compatible manufacturing process
was established to generate highly efficient CAR-T cells.133 To
minimize the cytotoxicity associated with the double-
stranded template, a single-stranded HDR template
incorporating the Cas9 target sequence (CTS) was employed
to enhance knock-in (KI) efficiency. Expanded T cells (2 × 108

cells per mL) obtained from healthy donors were
electroporated with single-stranded CTS HDR templates
encoding Bcell maturation antigen (BCMA)-CAR and CRISPR
RNPs targeting TRAC. The average KI efficiencies were 40.4%
and 45.8% on days 7 and 10, respectively. In an in vitro
killing assay using MM1s myeloma cells, BCMA-CAR-T cells
exhibited target cell killing ability exceeding 90%.

Another microfluidic integration was demonstrated to
enhance cell processing for flow electroporation. The
microfluidic device consisted of a sample inlet for
introducing T cells into low-conductivity electroporation
media and two sheath inlets for high-conductivity cell
culture media (Fig. 8b-(2)ii).134 Using this device, 5 × 108 T
cells were processed within 25 min with 50 μg mL−1

mCherry-encoding mRNA, resulting in approximately 75%
transfection efficiency and 91% cell viability. These recent
advancements through microfluidics offer a potential to
meet the clinical dose requirements for both autologous
and allogenic therapies, delivering high transfection
efficiency and viability.

Other microfluidic electroporation methods. Owing to the
inherent advantages of microfluidics, such as their
simplicity of operation,135 the integration of a microfluidic
electroporation device with other transfection–delivery
techniques has become feasible. In a recent study by Sido
et al., an electromechanical cell transfection system was
developed in which suspended cells were directed through
a flow cell cartridge. Within this system, the cells
experience an electric field generated by electrodes
positioned across the flow cell, as well as mechanical
shear stress by high fluid flow (Fig. 8b-(2)iii).136 In
contrast to conventional methods, such as cuvette
electroporation, which result in the upregulation of
proinflammatory cytokines, activation receptors, and
exhaustion markers, leading to the upregulation of
cytotoxic T-lymphocyte-associated protein (CTLA),
transcriptional profiling revealed that electromechanically
transfected cells did not exhibit any discernible changes.
For potential clinical applications, a transfection
experiment was conducted wherein 5 × 107 T cells were
transfected with 1 mg of GFP mRNA, showing 94.3%
transfection efficiency and 73.5% viability.

As previously mentioned, maintaining T cell function after
transfection is crucial for clinically viable CAR-T cells. The
newly introduced magnetic nano-electro-injection (MagNEI)
platform was utilized to examine the biological attributes of
T cells after transfection.91 In this platform, mechanical
stimulation using magnetic modulation and nanoscale straw-
like structures with electro-injection were adopted for EGFP-
encoded plasmid DNA transfection into primary T cells,
yielding delivery efficiency of 56% and a viability rate of 90%.
Compared with virus-transduced and bulk electroporated
primary T cells, MagNEI-transfected T cells showed a higher
expansion rate for 2 weeks, lower cytokine release syndrome,
and improved membrane repair after transfection.

In summary, as an alternative to viral transduction, the
field of electroporation technology has evolved from cuvette
electroporation to flow and microfluidic electroporation.
Additionally, the issue of low T cell viability observed after
cuvette electroporation111,113,115 has been addressed with
capillary electroporation.125 To meet clinical dose
requirements for CAR-T cells, microfluidics-based flow
electroporation has been extensively investigated134 and is
now commercially available. Despite these significant
contributions of electroporation to CAR-T cell therapy, certain
concerns persist. For instance, irreversible double-stranded
breaks in T-cell DNA have been observed following
electroporation,122 which is suboptimal, particularly for
genome editing-based cell therapies. Furthermore, undesired
changes in T cell functionality and perturbations in gene
expression have been confirmed after electroporation
treatment.137 The subsequent section introduces non-
electrical stimulation methods as an alternative approach to
enhance CAR-T cell production.

2.3.2.3. Lipid nanoparticles for CAR-T cell production. Since
the discovery of liposomes, an early version of lipid
nanoparticles (LNPs),138 LNPs have been recognized as
protective nanocarriers that encapsulate exogenous cargos for
in vivo and ex vivo delivery in cancer therapy.139 LNPs
facilitate effective and stable delivery by protecting
encapsulated nucleic acid against degradation and promoting
cellular uptake and controlled release.140,141 Notably, LNPs
have gained approval from the FDA for encapsulating
anticancer drugs, such as doxorubicin, amphotericin B, and
daunorubicin. Moreover, Onpattro LNP, which encapsulates
siRNA, was approved by the FDA and European Medicines
Agency (EMA) in 2018.142 LNPs are being explored for not
only cancer therapy but also the development of mRNA
vaccines, which are currently undergoing clinical trials.143 In
the context of ex vivo intracellular delivery for CAR-T cell
production, LNPs offer advantages over viral transduction
and electroporation, possibly addressing limitations related
to cargo size, low cell viability, and cytotoxicity.96

LNPs can be broadly classified into two groups: cationic
and ionizable lipids.144 Cationic lipids possess positively
charged head groups, whereas ionizable LNPs are neutral at
physiological pH. Neutral ionizable LNPs are advantageous
because they exhibit minimal interaction with the anionic
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membrane of blood cells, thereby enhancing
biocompatibility.145 In addition, under acidic conditions
within endosomes, ionizable LNPs acquire a positive charge,
enabling efficient endosomal escape by destabilizing the
endosomal membrane.146

2.3.2.3.1. Microfluidic approach for LNP formation. The
scalability of CAR-T cell production using lipofection is
influenced by the efficiency of LNP formation.
Conventional methods for LNP synthesis, such as
extrusion and sonication, have low-throughput, and need
large sample volume. To overcome these limitations,
microfluidic techniques have been introduced,147–149 which
enable high-throughput processing and precise control of
LNP production.

To achieve homogeneous LNP formation in continuous
flow, a microfluidic mixing technique was implemented
(Fig. 9a).147 The microchannel was designed with
asymmetrically arranged periodic trenches and ridges (known
as a chaotic mixer) made of polydimethylsiloxane (PDMS) for
efficient mixing. First, an aqueous solution containing siRNA
or mRNA was rapidly mixed with ethanol. Owing to the
charge interaction between the cargo and lipids, the
solubility of lipids decreases in the presence of water,
facilitating the self-assembly of LNPs. By increasing the flow
rates, the diameter of the formed LNPs decreased to
approximately 70 nm at a flow rate of 200 μL min−1, which
was much smaller, and more uniform compared to LNPs
produced through pipette-based mixing (approximately 180
nm).

2.3.2.3.2. Transient CAR-T cell production via LNP
endocytosis. Research on LNP for CAR-T cell production
powered by microfluidics initially focused on mRNA
transfection, highlighting the benefits of transient CAR
expression in reducing the side effects associated with
continuous CAR expression.110 The concept of LNP-
delivered mRNA-CAR-T cell delivery was first reported in
2020 (Fig. 9b).150 Various ionizable LNPs incorporating
lipids, such as dioleoyl phosphatidylethanolamine (DOPE),
cholesterol, and lipid-anchored polyethylene glycol (PEG),

were evaluated. The optimized LNPs formed via a
microfluidic device demonstrated the highest luciferase
expression rate following the transfection of luciferase
mRNA into Jurkat cells (30 ng of mRNA/60 000 cells).
Subsequently, purified LNPs with a diameter of
approximately 70 nm were used to transfect CD19-CAR
mRNA into expanded primary T cells. Based on in vitro
Nalm6 ALL cell killing assay, CAR-T cells transfected with
LNPs exhibited comparable killing efficacy while
maintaining higher viability (76%) than CAR-T cells
transfected by electroporation (31%). Follow-up studies were
performed with the aim of optimizing the molar ratio of
ionizable LNPs for CAR-T cell production.151 In addition,
various cationic lipids produced using a microfluidic device
were screened through LNP-mediated luciferase or CAR
mRNA transfection efficiency.152 Primary T cells and
macrophages were transfected with cationic lipids
encapsulating CAR mRNA. Among the tested LNPs, 76-
O17Se successfully transduced 22.6% of expanded CD8-
positive T cells with N1-methlypseudouridine-anti-CD19-
eGFP. An in vitro cell killing assay demonstrated a 74.53%
reduction in the luminescence levels of luciferase-
engineered B lymphoma. Moreover, bone marrow-derived
macrophages and proinflammatory M1 macrophages were
transfected with N1-methlypseudouridine-anti-CD19-eGFP
for next-generation CAR, resulting in 32.54% and 22.5%
reductions in luminescence levels of luciferase-engineered B
lymphoma, respectively. Despite the relatively low mRNA
concentration compared with electroporation, transient
CAR-T cells transfected via lipofection with LNP formed in
the microfluidic platform demonstrated comparable tumor
killing ability with higher viability and preserved cell
functionality. Nonetheless, it is evident that the efficacy of
CAR-Tcell treatment strongly relies on the composition of
LNPs. Identifying the optimal combination of major LNP
components and target cargos remains challenging, as it
involves numerous time-consuming and expensive trial-and-
error experiments.153 Therefore, it is anticipated that the
development of a high-throughput screening system

Fig. 9 CAR-T cell production via lipofection. (a) Microfluidic formulation of siRNA-containing lipid nanoparticles. Reprinted with permission from
ref. 147. Copyright 2012 American Chemical Society. (b) Ionizable lipid nanoparticle-mediated mRNA delivery via microfluidic mixing. Reprinted
with permission from ref. 150. Copyright 2020 American Chemical Society.
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through microfluidics could have a substantial impact on
LNP-based CAR-T cell research.

2.3.2.3.3. Allogeneic TCR- or CAR-T cell production via LNP
endocytosis. In contrast to autologous transient CAR-T cells,
the application of LNPs to Wilms' tumor gene 1 (WT1) TCR-T
cells was proposed in 2021, specifically for NTLA-5001
(NCT05066165). LNPs formed in a microfluidic benchtop
instrument154 have been used to encapsulate TRAC or TRBC
gRNA and Cas9 mRNA, resulting in editing efficiency of up to
95% with increasing LNP concentration. Moreover, the
relative cell viability was maintained at over 90%.
Comparative analysis with electroporation revealed that post-
edit expansion of LNP-based edited mice was significantly
higher (p < 0.01), accompanied by a favorable 67.4% CD45RA
+ CD27+ memory phenotype. In addition, LNP-based edited T
cells demonstrated substantial secretion of IL-2 and IFN-γ in
response to WT1-presenting tumor cell lines during
expansion. To evaluate in vivo efficacy, 1 × 107 WT1-specific
TCR-T cells were intravenously (IV) injected to an acute
myeloid leukemia (AML) mouse model on days 0 and 20.
Blood test results indicated 60% AML cells, whereas LNP-
CRISPR-Cas9-edited-TCR-T-cell-injected mice showed only
10% AML cells. Based on these promising clinical outcomes,
NTLA-5001 became the first LNP-CRISPR/Cas9-edited T cell
therapy utilized in a first-in-human clinical study.
Furthermore, the high efficiency of multiplex gene editing
has been demonstrated using CRISPR-Cas9-encapsulated
LNPs in allogeneic T cells. Sequential KO of HLA-Class II,
Receptor X, TRAC, and TRBC achieved approximately 80%
editing efficiency, along with 80% insertion efficiency in
WT1-TCR-T cells.

Despite ongoing clinical trials involving LNPs
encapsulating the multi-genome-targeted CRISPR-Cas9
system for allogeneic CAR-T cell production, viral vectors
remain the current choice for CAR transduction. However,
LNPs have been recognized for their superior
biocompatibility compared with viral vectors or cuvette
electroporation, making them a promising avenue for future
research on CAR-T cell production. Moreover, with a growing
focus on off-the-shelf allogeneic CAR-T cells, there is a need
to develop LNPs capable of encapsulating large cargos with
high transfection efficiency, emphasizing the importance of
further studies in this area. To accelerate advancements in
this research area, the use of microfluidic technologies to
produce highly uniform LNPs with high scalability is crucial.
Consequently, there has been significant growth in the field
of microfluidics-based LNP research.155

2.3.2.4. Microfluidic membrane disruption-mediated
approaches for CAR-T cell production. Numerous membrane
disruption-mediated non-viral delivery methods have been
investigated as alternative. Mechanical permeabilization of
the cell membrane (mechanoporation) can be accomplished
through various mechanisms, including nanowires,156 scrape
loading,157 fluid shear induced by sonoporation158 and laser-
induced cavitation bubbles,159 and flowing cells through
microconstrictions.160

Microfluidic mechanoporation technologies for T cell
transfection have attracted considerable attention as
potential alternatives to conventional viral transduction for T
cell transfection.89 Notably, these technologies are highly
applicable to primary immune cells.161 Achieving highly
efficient transfection of T cells holds great significance, as it
is essential for generating a sufficient number of potent CAR-
T cells, which are critical for favorable treatment outcomes.61

Another advantage of microfluidic mechanoporation lies in
the simplicity of the workflow, as it enables a sample-in-and-
sample-out system to be realized. Furthermore, microfluidic
transfection allows for continuous processing; that is, high
scalability, potentially reducing the time required for viral
transduction, which typically takes a minimum of 2 weeks
for batch manufacture.7 In addition, owing of its operational
simplicity, microfluidic transfection can be easily integrated
with other transfection techniques such as electroporation,162

as well as other microfluidic modules for the sorting,
isolation, and activation of T cells. This integration opens up
the possibility for a fully automated, centrifuge-free CAR-T
cell therapy manufacturing process, as discussed later in this
review. Moreover, microfluidic transfection platforms are
compatible with gene editing technologies, such as CRISPR-
Cas9, allowing the development of off-the-shelf allogeneic
CAR-T cells that require deletion of the TCR gene to avoid
allorejection.100

General microfluidic mechanoporation-based intracellular
delivery relies on the following sequence: cell deformation to
create discontinuities in the membrane, internalization of
exogenous cargos across the lipid bilayer, and recovery of the
plasma membrane. Various microfluidic techniques have
been adopted using this underlying mechanism, including
cell squeezing,70,160,163–168 hydroporation,169–171 and vortex
shedding.171,172

In 2013, Sharei et al. pioneered the use of cell squeezing
via microfluidic channel constriction as a new intracellular
delivery method for the internalization of diverse
macromolecules into various cell types (Fig. 10a).160 This
technique induces membrane disruption, leading to the
formation of membrane discontinuities through which the
cargos diffuse into the cells. Subsequent studies have
demonstrated the efficacy of the cell squeezing method in
delivering Janus kinase (JAK) inhibitors to human PBMCs,163

resulting in minimal aberrant transcriptional responses
(<10-fold increase in proinflammatory cytokines) compared
with electroporation (200-fold increase in interferon-γ (IFN-
γ)).70 Researchers have also explored variations in
constriction geometries, such as the implementation of
parallel arrays of diamond microconstrictions. This approach
achieved over 70% efficiency in EGFP KO SU-DHL-1
lymphoma cells using parallel arrays of diamond
microconstrictions (Fig. 10b).164 Furthermore, sharp star-
shaped constrictions demonstrated approximately 33%
efficiency in delivering cargo into primary human T cells.167

While the previously mentioned cell squeezing platforms
enable the diffusion of biomaterials into the cytoplasm,
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alternative platforms utilize convective volume exchange to
facilitate efficient delivery regardless of the cargo size.
Recently, Liu et al. demonstrated the use of convectively
driven delivery through transient cell volume exchange,
which exhibited a 30% response to cell deformation
(Fig. 10c).166 This approach achieved approximately 70%
efficiency in mRNA delivery to primary T cells without
adversely affecting T cell function, in terms of cell
expansion and exhaustion. More recently, droplet-based cell
squeezing has been reported to achieve approximately 90%
mRNA transfection efficiency, with over 82% cell viability in
primary human T cells (Fig. 10d).165 Interestingly, this
approach requires only one-sixth of the cargo to achieve
the same concentration of exogenous cargo in medium as
cell squeezing, demonstrating a larger reduction in analyte
consumption, i.e., cost. Furthermore, the transfection of
plasmid DNA was demonstrated by leveraging droplet
microfluidics, which was unachievable through
conventional cell squeezing.

Microfluidic strategies for cell deformation have evolved
beyond microconstrictions and now encompass techniques
such as microfluidic vortex shedding (μVS) in densely
arranged arrays of posts.172 This mechanism offers high-
throughput (>2 × 106 cells per s) and highly efficient
(∼63.6%) delivery of EGFP mRNA into primary human T cells

while maintaining high cell viability (∼77.3%) and cell
recovery (∼88.7%) without compromising T cell growth and
expression profiles (Fig. 10e). As another representative
approach, Hur et al. reported on a microfluidic device
featuring a T-junction with a cavity that induces elongational
recirculating flows, resulting in cell stretching and
discontinuities in membrane formation (Fig. 10f).169 This
approach enables high-throughput (>1 × 106 cells per min)
and robust delivery of large cargos of up to 300 nm in size
across cell types. It demonstrated 80% efficiency and 87%
viability upon transfection of plasmid DNA into the K562
leukemic cell line. Moreover, it achieved highly efficient
mRNA transfection in hard-to-transfect primary cells, such as
human adipose-derived stem cells (ADSCs), Wharton's jelly
human umbilical cord mesenchymal stem cells (WJ-MSCs),
and murine bone marrow dendritic cells (BMDCs).

Notably, microfluidic transfection encounters several
challenges in clinical translation despite its simple operation,
low invasiveness, and high scalability. One primary challenge
is the susceptibility of microfluidic channels to clogging,
which is attributed to the presence of dust particles, cell
clusters, and protein adsorption.173 Such clogging events can
lead to lower delivery efficiency, cell loss, and cell death. To
address this issue, several strategies have been explored in
microfluidic systems, including the use of a parallel array of

Fig. 10 Microfluidic technologies for cell membrane disruption-mediated transfection of T cells. (a) Microfluidic cell squeezing for intracellular
delivery. Reproduced from ref. 160. Copyright 2013 National Academy of Sciences. (b) Diamond-shaped pillar micro-constriction arrays for
squeezing hard-to-transfect cells. Reproduced from ref. 164 (CC BY-NC 4.0). (c) Volume exchange for convective transfer (VECT) for rapid and
repeated compression of cells for efficient intracellular delivery. Reprinted from ref. 166, Copyright 2018 with Elsevier. (d) Droplet-encapsulated
cell squeezing for intracellular delivery of primary human T cells. Reprinted with permission from ref. 165. Copyright 2021 American Chemical
Society. (e) Microfluidic vortex shedding (μVS) consisting of dense arrays of posts for cell deformation. Reproduced from ref. 172 (CC BY). (f)
Microfluidic cell stretching at a T-junction microchannel with a cavity for elongational recirculating flow-mediated intracellular delivery. Reprinted
with permission from ref. 169. Copyright 2020 American Chemical Society.
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interconnected microchannels,164 droplet
compartmentalization to inhibit nonspecific protein
adsorption,165 cross-junction design without a
constrictions,170 and post-arrays designed with spacing larger
than the cell sizes.172 Another challenge that remains
unresolved is the potential damage to the cytoskeleton and
nucleus during the process, which can result in transient
nuclear ruptures and DNA damage;174 thus, further
investigations are necessary to assess the occurrence of off-
target DNA damage across cell types.

2.4. Post-processing of CAR-T cells before injection

To achieve the required clinical dose, genetically transferred
CAR-T cells undergo an additional expansion process, as
mentioned previously. Following T cell isolation and
activation, CAR-T cells can be expanded by co-incubation
with anti-CD3/CD28 antibodies, anti-CD3/CD28 beads/
nanoparticles, or artificial APCs. Furthermore, cytokines can
be added to enhance enrichment.51 Subsequently, expanded
CAR-T cells can be cryopreserved for transportation to clinical
institutes. Previous investigations have shown that
conventional cryopreservation of CAR-T cells with dimethyl
sulfoxide (DMSO) in a controlled-rate freezer does not
adversely affect the therapeutic effects or phenotype of CAR-T
cells.175 However, the molecular-level modification that
occurs in cryopreserved CAR-T cells after thawing remains
unclear. Consequently, microfluidic approaches present an
opportunity to develop novel tools for functional assays of
cryopreserved CAR-T cells or to explore alternative
cryopreservation methods that improve the production of
effective CAR-T cells.

2.5. Fully automated cGMP CAR-T cell production

Fully automated cGMP technologies have been developed for
CAR-T cell production, allowing integration of the
aforementioned major processes. Cocoon platform and
CliniMACS prodigy system are well-established cGMP
technologies for the production of TCR-T cells and CAR-T
cells. These platforms utilize viral transduction and
electroporation. Starting from the leukapheresis product,
T-cell separation, gene engineering, and subsequent
expansion were conducted within a closed automated system.
An average of 47.6 ± 14.9% of T cells were successfully
lentiviral transduced with CAR. Starting with an initial cell
count of 0.7–1.2 × 108 cells, the T cell population expanded to
1.58 × 109 cells within 9 days after transduction. In vivo
testing demonstrated tumor clearance in three out of five
mouse xenograft models.34 Despite notable advancements in
automated CAR-T cell production and positive clinical
outcomes with these CAR-T cells, there is still room for
further improvement, particularly in CAR expression
efficiency, cell viability, expansion rate, and cell functionality.
As discussed in previous sections, microfluidic technology
can be applied to enhance each step of CAR-T cell
production, ultimately leading to more effective, safe (non-

viral), and affordable CAR-T cell products. Moreover,
microfluidics can be integrated into closed automated cGMP
platforms to capitalize on their advantages and facilitate
efficient and cost-effective CAR-T cell production.

3. Future of adoptive cell
immunotherapy through microfluidic
solutions

Herein we present an overview of the prospects of adoptive
cell immunotherapies and the application of microfluidic
approaches beyond the current individual steps of CAR-T cell
production. The discussion specifically focuses on
microfluidic solutions for immunotherapy, including single-
cell-based evaluation and the microenvironment (TME) at the
tissue or organ scale. Additionally, the advancements in next-
generation CAR/TCR and allogeneic off-the-shelf
immunotherapy will be explored (Fig. 2 and Table 1).
Through comprehensive exploration, this section aims to
provide insights into how microfluidics and microfluidics-
based technologies can enhance and enrich current cell-
based immunotherapy technologies.

3.1. Evaluation of CAR-T cell efficacy

The conventional evaluation of CAR-T cell therapy efficacy
relies on bulk co-culture of CAR-T cells with cancer cells to
facilitate cell–cell interactions (Fig. 11a). Subsequently,
conventional measurements are taken to assess T cell
cytotoxicity, proliferation kinetics,176 and metabolic
profile.177 For the evaluation of CAR expression level, various
techniques, such as qPCR, have been utilized to assess the
mRNA expression level of CAR, ELISA to measure CAR
protein expression, and flow cytometry to quantify CAR
expression levels in the bulk population. Although these
efficacy tests are robust, cost-effective, and easily
implemented in biological laboratory settings, they depend
on surrogate indicators of T cell cytotoxicity, which may not
accurately reflect therapeutic outcomes. Chromium-51 (51Cr)
release assays and xenograft mouse models are also
commonly employed as direct indicators of CAR-T cell
cytotoxicity.178 Nevertheless, utilization of radioactive
chromium and the requirement for expensive and labor-
intensive animal testing emphasizes the need for a
straightforward, cost-effective, and high-throughput cell–cell
interaction platform capable of delivering results that exhibit
a strong correlation with therapeutic effects under
physiological conditions. Moreover, in bulk co-culture
settings, the inherent heterogeneity of immune cell responses
is often neglected, as the diverse range of cell–cell
interactions is averaged out.

It should be noted that these limitations can be addressed
by evaluating CAR-T cells at the single-cell level using
techniques such as microwell-based cell trapping and droplet
microfluidics. This direction enables the interaction and
variations across the population. Thus, microfluidic
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approaches offer a means of achieving cell
compartmentalization, serving as spatial confinement for
individual cell analyses.179 The next two sections mainly
discuss microfluidics-based cell–cell interactions to assess
the efficacy of CAR-T cells. While CAR-T cell efficacy
evaluation typically involves tumor cell cytotoxicity assays

and cytokine release measurements, efforts have been made
to profile cytokines from individual CAR-T cells using
microfluidic devices. Using optofluidic technologies, a 16-
plex cytokine microfluidic device was used to capture four
categories of cytokines (e.g., effector, stimulatory, regulatory,
and inflammatory) secreted by single CD19 CAR-T cells

Table 1 Microfluidic approaches for next-generation CAR-T/NK cell-based immunotherapy

Droplet microfluidics
Static well plate and
microwells

Microfluidic
tumor-on-a-chip Others

Cell–cell
interaction
evaluation

Droplet microfluidic chip for CAR-T
cell cytotoxicity assessment189,190–197

Microfluidic cell trapping for
cell interaction studies54

3D microfluidic cancer
spheroid co-culture models
for assessment of CAR-T
cell cytotoxicity186

Made-to-order droplet ensembles for
characterizing cell interactions188

Size difference-based
hierarchical loading chip185

Droplet digital PCR for DNA copy
number quantification194–197

Lymphocyte interaction
monitoring via microfluidic
cell pairing183,184

3D cell culture for
tumor
microenvironment
characterization

— Spheroid killing assay by
CAR-T cells228–230

Microfluidic tumor model
simulating hypoxia for
evaluating CAR-T cell
therapy241

Monitoring dynamic tumor
cell–immune cell
interaction236

Comparison of tumor models
in 2D and 3D spheroid
culture231

Tumor-on-a-chip for tumor
cell extravasation, T cell
migration, and
cytotoxicity247

3D hanging spheroid plate for
CAR-T cell cytotoxicity assay235

Microfluidic migration
assay showing T cell
recruitment238

Patient-derived glioblastoma
organoids for CAR-T cell
testing234

Tumor-on-a-chip to
characterize the role of
monocytes in TCR-T cell
therapy239

Multilayered blood
vessel/tumor-on-a-chip to
investigate T cell
infiltration240

Next-generation
CAR construct/TCR
screening and
sorting

Antigen-specific T cell functional
screening190,192,248,249

— —

Downstream
droplet-compartmentalized
sequencing250–252

Droplet microfluidics for integrated
functional screening and TCR
sequencing for next-generation
cancer immunotherapy target
discovery253–257

Allogeneic CAR
development

Droplet microfluidic platform for the
single NK cell heterogeneity assay via
killing assay with K562 (ref. 267)

A microchip with microwells
to study the lytic activity of
individual NK cells against
tumor target cells268

Breast cancer cell spheroid
in 3D ECM with flanking
lumen with vein
endothelial cell281

Flow electroporation
for transfection265,266

Size-tunable droplet for study of NK
cell heterogeneity against various
tumor cells193

3D NK cell cytotoxicity
assay against HeLa cells282

Label-free NK cell
subpopulation
identification via
viscoelastic flow269

Droplet microfluidic platforms to
analyze the effector outcomes of NK
cells against target cells at the
single-cell level276–279

TME-mimicking 3D spheroid
microarray for killing assay
against MCF-7 cells283

NK cell migration assay in
response to dendritic
cell285

Paper-based
microfluidic device
for NK cell
heterogeneity
identification270

Micro-spray for
formation of NK cell
encapsulating
microsphere286
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labeled with secondary antibodies.180 This approach allowed
a deeper understanding of the heterogeneity among activated
and non-activated CAR-T cells from four different donors
based on fluorescent intensities derived from antibody-
captured cytokines. Furthermore, specific subsets of T cells,
such as CXCR4-edited T cells via CRISPR/Cas9 transfer,
could be housed in a single chamber with optoelectronic
tweezers for selected cloning and phenotyping.181,182 In
turn, microfluidic approaches can be applied to assess CAR-
T cell efficacy at the molecular scale. As previously
mentioned, the following sections will discuss microfluidic
applications at the cellular scale for CAR-T cell efficacy
evaluation.

3.1.1. Microwell-based cell–cell interaction studies.
Microwell-based cell compartmentalization has been
extensively employed to investigate immune cell interactions,
encompassing cytotoxicity183 and protein secretion.184 Dura
et al. developed a microfluidic cell pairing platform that
utilizes front- and back-side traps to optimize pairing
efficiency with minimal clogging (Fig. 11b).54 With this
approach, they achieved cell pairing efficiencies ranging from
40% to 85% in a sample-efficient manner with approximately
104 cells. CD8 T cells were paired with antigenic peptides-
loaded B cells, enabling characterization of the early
activation dynamics of CD8 T cells. Zhou et al. introduced a
hierarchical loading microwell chip (HL-chip) based on size
differences, featuring a high-throughput microwell array with
single-cell precision (Fig. 11c).185 Their study demonstrated
the evaluation of T cell functions, including longitudinal
secretory profiling, cytolytic activity, and T cells and tumor
cells interaction. The dual-well HL-chips allowed the co-

culture and interaction between target cells and T cells,
enabling the observation of T cell binding and cell killing.

In recent investigations, CAR-T cell-mediated cytotoxicity
was assessed through the co-culture of CAR-T cells and 3D
spheroids composed of cancer and stromal cells within
ultralow-adhesion microwells (Fig. 11d).186 This approach
involved two open wells connected by a microfluidic channel
with an array of independent culture chambers, facilitating
the sedimentation of cells into microwell traps below the
channel level. Assessment of CAR-T cell targeting, and
cytotoxicity revealed the ability of the cells to induce
disaggregation of MDA-MB-468 spheroids and subsequent
cell death.

Although microwell-based cell interaction studies facilitate
efficient cell pairing and compatibility with live imaging,
paracrine communication between neighboring cells is
possible as the secreted proteins are not confined to
individual wells.179 Therefore, for more precise evaluation at
the single-cell level, including cytotoxicity, signaling and
activation dynamics, and cytokine release studies, it is
imperative to isolate cells within each microwell. Therefore,
to achieve the same, droplet microfluidics can be a valuable
tool for advanced analysis and assessment.

3.1.2. Droplet microfluidics for cell–cell interaction studies
and vector copy number evaluation. In contrast to microwell-
based compartmentalization, droplet microfluidics leverages
immiscible multiphase flows of media and oil in T-, Y-, or
cross-shaped microchannel junctions to confine desired cells
to water-in-oil droplets. Droplet microfluidics-based assays
offer critical capabilities, such as compartmentalization of
components at a high-throughput of thousands of pico- or

Fig. 11 Microwell-based and microfluidic-based technologies for encapsulating individual cells for cell–cell interaction studies. (a) Schematic of
cell interaction between CAR-T cell and tumor cell. Reproduced from ref. 19 (CC BY 4.0). (b) Microfluidic device for hydrodynamic cell trapping for
profiling lymphocyte interactions. Reproduced from ref. 54 with permission of Springer. (c) Hierarchical loading microwell chip (HL-chip) for
evaluating single-cell cytokine secretion and cell–cell interactions. Reproduced from ref. 185 (CC BY-NC-ND). (d) Microfluidic immunoassay of
CAR-T cells and spheroid co-cultures in ultralow-adhesion microwells. Reproduced from ref. 186 (CC BY-NC-ND). (e) Made-to-order droplet
ensembles (MODEs) for high-throughput cell interaction profiling. Reproduced from ref. 188 (CC BY).
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nanoliter droplets per second. This approach has proven
valuable in single-cell analysis, particularly within the field of
immunology, as droplet compartmentalization can effectively
account for the intrinsic heterogeneity exhibited by immune
cells.187 Droplet microfluidics offer noise-free
compartmentalization of cells and their secretions, making it
suitable for assessing cell–cell interactions and cytotoxicity
(Fig. 11e).188,189 Furthermore, this approach is also applicable
to research involving cytokine release,190,191 activation
dynamics,192 and cytotoxicity.189,193 Notably, droplet
microfluidics is highly advantageous for accurately
quantifying the actual number of vector copies integrated
into transfected CAR-T cells.194–197

For viral transduction, precision in quantifying the
average vector copy number per T cell is crucial. Relying only
on assessing the average number may lead to inaccurate
clinical potency evaluation. Furthermore, high transgene
copy numbers carry the risk of genotoxicity and increased
integration near oncogenes.198 To obtain FDA's approval for
the clinical use of CAR-T cells, it is mandatory to ensure a
vector copy number of less than five copies per transduced
cell.199 The conventional method for measuring vector copy
number in CAR-T cells involves qPCR followed by the
construction of a standard curve.200 However, digital droplet-
compartmentalized PCR (ddPCR) offers a simpler and more
precise approach to measuring the average vector copy
number per cell and its variation within the cell population,
with a 7-fold improvement in reproducibility compared with
real-time PCR.194,195 Furthermore, several studies have
demonstrated the robustness of ddPCR as a safety measure
for assessing the vector copy number of CAR-T cells, showing
a linear correlation with flow cytometry measurements.196,197

Consequently, droplet-based cell compartmentalization has
emerged as a reliable and straightforward analytical tool for
evaluating the efficacy and safety of CAR-T cells at the single-
cell level in its manufacturing and development.

3.2. CAR-T cell therapy for solid tumors

While CD19-targeted CAR-T cell therapy has exhibited
remarkable success in the treatment of B cell ALL,201 its
implementation in the treatment of solid tumors encounters
challenges in recognizing, trafficking, and survival of the
tumor.9 Optimal recognition of tumors can be achieved
through the specific and uniform expression of a single
target antigen on the tumor cell. Unfortunately, solid tumors
often demonstrate significant heterogeneity in tumor
antigens and evade destruction by expressing alternative
antigens.202 Moreover, various characteristics of the TME,
including hypoxia, immunosuppressive immune cells,
soluble factors, and endothelial barriers, contribute to the
limited infiltration and survival of CAR-T cells in tumors.
Consequently, there is a substantial disparity in CAR-T cell
therapy efficacy between hematological and non-hematologic
malignancies. To address these challenges, targeting tumor-
associated antigens (TAAs), such as prostate-specific

membrane antigens (PSMA), mesothelin for pleural
mesothelioma, ovarian pancreatic and lung cancers, EGFR
for glioma, carcinoembryonic antigen (CEA) for
adenocarcinoma liver metastases with CEA expression, and
disialoganglioside GD2 for neuro-ectodermal originated
tumors, has been employed to enable CAR-T cell therapy in
solid tumors.203,204 However, the intrinsic properties of the
solid TME hinder specific targeting and immune response
efficacy, necessitating the development of novel strategies to
successfully infiltrate and persist within the TME for precise
targeting of such tumor-associated antigens. In the following
subsection, we provided a brief overview of the challenges
that lie within the TME and explored new opportunities to
address them through microfluidics.

3.2.1. Tumor microenvironment (TME). In contrast to
hematological malignancies, a solid TME inherently
possesses unfavorable characteristics that impede CAR-T cell
therapy efficacy.205 The infiltration of CAR-T cells into the
tumor is physically hindered by the vasculature, extracellular
matrix (ECM), and blood vessels surrounding the tumor, as
well as a dense network of cancer-associated fibroblasts.206

Moreover, TME exhibits hypoxic and immunosuppressive
conditions. Reduced oxygen levels have been observed to
negatively affect the antitumor immune response of T
cells.207 Additionally, immune cells present within the TME
create an immunosuppressive milieu by depleting IL-2,
secreting immunosuppressive cytokines (such as IL-10 or
TGF-β, suppressing antigen-presenting cells, hindering T cell
activation), and inducing the lysis of effector cells through
granzyme- or perforin-based mechanisms.208

Various approaches to and trials on CAR-T cell therapy
have been performed to overcome the challenges posed by
TME. Enhancing T cell trafficking into the tumor mass
involves disrupting the tumor vasculature and targeting the
ECM through the expression of matrix-degrading
enzymes.209,210 Efforts are also being made to overcome TME
immunosuppression and improve T cell survival by selecting
appropriate co-stimulatory domains that enhance resistance
against hypoxia and regulatory T cells,211,212 as well as by
targeting antigens that are upregulated under hypoxic
conditions.213

3.2.2. Microfluidic technologies as 3D cell culture to
mimic the TME. Conventional preclinical methods for
assessing the therapeutic efficacy of CAR-T cell therapy
involve in vitro 2-dimensional (2D) culture followed by
subsequent in vivo studies. However, the reliance on 2D
culture in a Petri dish, although convenient in laboratory
settings, oversimplifies the complex physiological conditions,
leading to inaccurate evaluations.214 Conversely, in vivo
animal testing offers a closer approximation to the human
TME, but is associated with high cost, time-consuming
protocols, and limited immune response, while also often
yielding misleading results.215

Microfluidics and lab-on-a-chip technologies have
emerged as promising alternatives for addressing these
limitations and the ethical concerns associated with animal
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models, aligning with recent FDA regulations that no longer
require animal testing for new drug development.216 As
briefly mentioned above, these microfluidic platforms enable
high-fidelity simulation of complex physiological conditions
in a dynamic and high-throughput manner.217 Notably,
biomimetic microfluidic systems, such as organ-on-a-chip
and tumor-on-a-chip platforms, facilitate TME reverse
engineering and allow direct and real-time observation using
microscopy techniques.218 In particular, organ-on-a-chip
platforms offer a promising alternative to Petri dish-based
cultures by addressing the limitations associated with
oversimplification of TME. These platforms hold great
potential for applications in drug screening and mechanistic
studies of TME.

Accurate simulation of the physiological milieu requires
careful consideration of several components of the cell and
TME.219 One crucial aspect is the selection of materials that
mimic the ECM, which is responsible for focal adhesion
formation and mediates biochemical cues influencing cell
survival, proliferation, and migration. The ECM also provides
biophysical cues through structural orientation, mechanical
stiffness, and pore presentation.220 Common protein
components for ECM simulation include naturally derived
hydrogels, such as collagen, fibrin, fibronectin, chitosan,
alginate, and hyaluronic acid, and synthetic hydrogels, such
as poly(acrylamide), poly(ethylene glycol), and hybrid
hydrogels.221

Additionally, the dimensionality of the culture system
plays a pivotal role in cell–ECM adhesion and the
establishment of a concentration gradient of nutrients,
oxygen, and soluble factors.219 In 3D culture, physical
barriers hinder free diffusion and convective flow. Hypoxia
due to low oxygen availability within the tissue is a hallmark
of solid tumors. This hypoxic condition enhances
chemoresistance and immunosuppression and induces a
transcription program that promotes an aggressive tumor
phenotype.222 Given that 2D Petri dish-based cell culture
models are unable to replicate the oxygen gradient observed
in the TME, the implementation of microfluidic 3D cell
culture systems capable of recapitulating solid tumor hypoxia
is anticipated to make significant contributions to the
field.223

Furthermore, the difference between static medium
perfusion in Petri dish-based cell cultures and dynamic
perfusion in microfluidic-based cultures influences the shear
stress, delivery of suspended immune cells, cancer cell
metastasis, and material exchange with blood vessels in the
TME. While 3D cell culture has evolved from hydrogel
cultures to microwell-based tumor spheroids/organoids and
biomimetic microfluidic channel-based culture platforms, its
applications in immunotherapies have predominantly
focused on fundamental biology research, including the
characterization of cell behavior within the TME, cell–cell
interaction, and cell migration.224 Despite the demonstrated
potential of microfluidic 3D cell culture, it has yet to be
rigorously explored as a robust preclinical evaluation tool for

assessing CAR-T cell therapy efficacy.225 In the following
sections, we will discuss the culture of spheroids and
organoids as well as complex microfluidic physiological
systems, as platforms for the characterization, evaluation,
and screening for CAR-T cell therapy.

3.2.2.1. Spheroids and organoids. Spheroids represent a
basic form of 3D cell culture consisting of simple cell
aggregates, whereas organoids encompass more complex cell
aggregates that are often embedded in 3D hydrogels. Unlike
2D cell culture models, 3D spatial organization in the form of
spheroids and organoids can recapitulate solid tumors' key
features, such as the necrotic and hypoxic core and the
proliferative outer layer. These structures can be cultured in
various ways, including static suspension, hanging drop,
microfluidic systems, and gel embedding.226 These culture
systems enable cell–cell and cell–ECM interactions and the
establishment of oxygen, nutrient, and cytokine gradients.
Moreover, previous studies have shown that 3D spheroid
culture systems better represent in vivo aspects of cancer cell
signaling profiles.227

In the context of CAR-T cell therapy, spheroids and
organoids have been employed to assess CAR-T cell
cytotoxicity,228–230 investigate the role of hypoxia in CAR-T
cell function,231 and study CAR-T cell function in 3D tumor
models.232,233 Patient-derived organoid models have also
been proposed to accurately evaluate patient-specific
responses to CAR-T cells for personalized therapy.234

Chang et al. evaluated T cell anti-tumor activity using
bispecific antibodies and PD-1 blockade in 3D spheroids of
the MDA-MB-231 breast cancer cell line, suggesting that 3D
spheroids could serve as an alternative to in vivo animal
models for evaluating T cell potency in solid tumors.235 More
recently, spheroids of the colon cancer cell line HCT 116 were
used to evaluate CAR-T cell infiltration and cytotoxicity,230

further supporting the potential of spheroid-based
assessment of cell therapy efficacy to prevent premature
progression in in vivo studies. However, a major challenge in
using spheroids as a tool for cytotoxicity assessment is the
difficulty of separating unbound CAR-T cells and dead tumor
cells from spheroids can result in additional staining steps
and the possible loss of spheroids. To address this issue, a
high-throughput HER2-T cell cytotoxicity assay was
conducted on a 3D-hanging spheroid plate at a tilted
angle,228 demonstrating a simplified approach for
differentiating and quantifying the activity of CAR-T cell
killing in HER2-positive breast cancer cell lines.

While spheroid and organoid cultures offer numerous
advantages and potential, there do have certain limitations.
Although they can preserve cellular diversity and hypoxic
conditions within the core, they are often regarded as
oversimplified models, particularly in CAR-T cell co-culture.
This is due to their inability to accurately replicate the
indirect access to tumor masses via blood vessels.234 Hence,
the effector-target cell ratio observed in organoid culture may
diverge significantly from the actual CAR-T cells that
successfully infiltrate solid tumors in vivo.
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3.2.2.2. Microfluidic physiological systems. As discussed,
despite 3D spheroid/organoid models being more similar to
physiological conditions than 2D cultures, microfluidic TME
models offer distinct advantages in capturing architectural
complexities. These merits include the ability to perform co-
culture with stromal and immune cells, facilitate
extravasation from blood vessels, and enable infiltration into
the tumor mass. Additionally, microfluidic models provide
improved accessibility for live imaging and reduce reliance
on reagents and biological components. Notably, several
studies have employed microfluidic cell culture models to
investigate the impact of extracellular matrix stiffness and
hypoxia on T cell cytotoxicity, the role of monocytes, tumor
cell extravasation, and the interactions between tumors and
T cells (Fig. 12a).236–241

To enable the co-culture of effector and target cells in a
physiologically relevant environment, an integrated
microfluidic platform was developed. The device utilized
combined biosensors, including optical light scattering, and
electrical impedance, to dynamically assess the cell–cell
interaction between adherent cancer cells and nonadherent
immune cells.236 In a separate study, Layer et al. employed a
microfluidic migration assay to demonstrate that the proto-
oncogene protein N-Myc impaired IFN pathway activity,
chemokine expression, and immune cell recruitment.238 Lee
et al. conducted a comparison between 2D and 3D
microfluidic co-cultures to screen the target cell killing
activity of TCR-T cells produced through different methods

(Fig. 12b).239 Using a PDMS microfluidic device, they created
three channels: a hydrogel region for seeding target cancer
cell aggregates and monocytes, and two culture medium
channels containing medium and TCR-T cells adjacent to
the hydrogel channel. This setup closely mimicked the
physical barriers encountered by T cells in vivo. Their study
confirmed previous findings by Pavesi et al., which
emphasized the advantage of 3D tumor models in screening
various TCR-T-cell therapies, addressing the intrinsic
limitations of 2D culture, such as overestimation of T-cell
cytotoxicity and the inability to capture the oxygen gradients
that influence T-cell behavior (Fig. 12c and d).237,242 They
leveraged microfluidic channels to mimic the microvascular
network, study tumor cell extravasation, and evaluate T cell
immunotherapies. Meanwhile, the cytotoxicity mediated by
CAR-T cells was evaluated in a microfluidic 3D tumor model
that mimicked the physiological hypoxic environment
(Fig. 12e).241 The study demonstrated that oxygen levels play
a crucial role as a factor driving metabolic changes and
enhance CAR-T cell cytotoxicity at physiologically relevant
tissue oxygen levels.

Additionally, a multilayered blood vessel/tissue chip was
developed to systematically investigate the therapeutic
potential of CAR-T cells for solid tumors. This chip consists
of a 3D collagen region for tumor cells, a porous membrane
with an endothelial cell monolayer, and a fluidic channel
with T cells (Fig. 12f).240 This simulation replicates the
process of T cell adhesion to the endothelial layer of cells,

Fig. 12 Microfluidic physiological systems to simulate the tumor microenvironment (TME). (a) Schematic of solid TME. (b) 3D static microfluidic
model to characterize the role of monocytes in TCR-T cell therapy. Reproduced from ref. 239 (CC BY 4.0). (c) Microfluidic tumor-on-a-chip to
study tumor cell extravasation and evaluate engineered T-cell immunotherapy efficiency. Reprinted, with permission, from ref. 237. Copyright
2015 IEEE. (d) Preclinical evaluation of TCR-T therapy against solid tumors. Used with permission of American Society for Clinical Investigation,
from ref. 242; permission conveyed through Copyright Clearance Center, Inc. (e) Hypoxic 3D tumor model with oxygen gradient and matrix
microenvironment for the evaluation of CAR-T therapy. Reproduced from ref. 241. Copyright 2019 John Wiley and Sons. (f) Multilayered blood
vessel/tumor tissue chip to observe T cell extravasation, interstitial migration, and tumor lysis. Reproduced with ref. 240 with permission from The
Royal Society of Chemistry.
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extravasation, interstitial migration within the tumor tissue,
and subsequent tumor lysis by T cells.

The transition of adoptive cell therapies from hematological
to solid tumor treatments holds promise for cancer
immunotherapy. Despite the promising results from
microfluidic TME models, again, it remains unclear how
accurately they approximate in vivo cancer biology.243 Complex
in vivo biological processes cannot be fully recapitulated in a
single microfluidic TME model. Thus, selecting the most
suitable microfluidic system and conducting cross-validation
between different microfluidic models are essential to study
specific biological processes of interest.

Note that efforts have been made to enhance the
complexity of microfluidic tumor models, including the
introduction of microfluidic channels to simulate
vascularization, the use of hydrogels for ECM, the creation of
oxygen gradients for hypoxia, and the incorporation of
multilayered vessels for endothelial cells to evaluate T cell
infiltration, cytotoxicity, and interactions within the TME. For
widespread adoption of microfluidic tumor models in
therapeutic screening, several challenges must be addressed.
These include the simulation of complex signal regulation
functions, the industrial cGMP manufacturing of tumor-on-a-
chip devices, the standardization of data, and the exploration
of biocompatible materials other than PDMS.218

3.3. Next-generation CAR/TCR screening

The identification of antigen-binding TCRs plays a crucial role
in uncovering potential targets, such as adoptive T-cell therapy,
including CAR-, TCR-, and TIL-T-cell therapies, immune
checkpoint blockade, and bispecific T-cell engager (BiTE)
antibodies, for cancer immunotherapy. However, the main
challenges in matching TCR sequences to the antigen
specificities of T cells arise from the immense complexity of
the T cell repertoire, which consists of billions of clonotypes
combined with bulk, low-throughput functional screening
technologies.244 Thus far, FACS, single-cell PCR, and Sanger
sequencing have been employed in combination to screen TCR
antigen specificity.245,246 However, these methods are often
limited in their ability to identify only a few hundred clones at
a time, and the prescreening process used to narrow down the
candidate antibodies can result in the loss of certain target
profiles. Additionally, the bulk analysis of T cells can overlook
the molecular details of individual T cells.192 To effectively
discover potential target antigens while preserving diversity, it
is imperative to perform high-throughput functional screening
of T cell heterogeneity at the single-cell level and subsequently
sort the cells for TCR sequencing.

As mentioned, microfluidic technologies provide the
advantage of precise cell manipulation and analysis, thereby
enabling high-throughput single-cell processing. Droplet
microfluidics-based assays are compatible with biochemical
assays involving cell lysis and amplification within the
droplets,247 allowing the incubation of viable cells for
extended periods of up to 4 days. Additionally, droplet

microfluidics-based assays offer high sensitivity and signal-
to-noise ratio owing to their small volume, enabling
multifunctional screening of single cells and real-time
measurement.192 These features render droplet microfluidics
suitable for antigen-specificity screening technology for
immunotherapy.

Droplet microfluidics has advanced the detection,
identification, and separation of antigen-specific T cells
through various functional screening techniques,190,192,248,249

sequencing approaches,250–252 and their integration for next-
generation cancer immunotherapy drug discovery.253,254 For
example, Chokkalingam et al. employed droplet co-
encapsulation of functionalized cytokine-capture beads to
detect the secretion of IL-2, IFN-γ, and TNF-α from single
activated T cells,255 while Segaliny et al. achieved real-time
monitoring of single TCR-T cell activation and sorting of each
clone at 100% specificity using droplet co-encapsulation of
TCR-T cells with target cells, followed by downstream
molecular analysis using single-cell sequencing of TCR.256

Moreover, Wang et al. identified functional antibodies for
CD40 agonism with a frequency of at <0.02% after two
rounds of functional screening, achieving high-throughput by
processing millions of droplets within hours.257 By preserving
the linkage between phenotype and genotype within the
droplets, fluorescence-activated droplet sorting enabled the
enrichment of droplets containing desirable activated
reporter cells. In addition, a high-throughput droplet-based
screening and sorting platform for antigen-specific TCRs was
developed, demonstrating functional screening of TCR-
pMHC interactions at a rate of 450 droplets per s.258

Droplet compartmentalization is widely used in single-cell
sequencing, and notable technologies include inDrop,250

drop-seq,252 and scRNA-seq.259 These methods involve the
separation and lysis of individual cells within droplets,
followed by nucleic acid amplification, sequencing, and data
analysis. Each droplet was barcoded to enable tracking of
sequence reads back to the corresponding single cell. In the
context of cancer immunotherapy, the high-throughput
sequencing of TCR genes plays a role in the discovery of new
targets. McDaniel et al. reported the sequencing of both
TCRβ/δ-positive TCRα/γ chains from millions of cells with
high precision (>97%), a level of detail that is lost in the
conventional bulk sequencing where immune receptor chains
are encoded by separate mRNAs.253 Additionally, the labeling
of antigen-specific CD8-positive T cells using peptide–MHC
tetramers was demonstrated for isolation,254 and the labeled
TCR genes were directly amplified and sequenced in an
integrated device, providing 1000-fold higher sensitivity than
in conventional bulk analysis. Against this background, there
is still ample opportunity for droplet microfluidics to play a
significant role in CAR/TCR screening.

3.4. Allogeneic off-the-shelf CAR development

3.4.1. Microfluidic CAR-NK cell production. NK cells are
cytotoxic immune cells similar to CD8+ T cells and are
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characterized by the expression of CD56 without the co-
expression of CD3 and TCRs.260 In general, NK cells
recognize and kill tumors by integrating signals from
inhibitory and activating receptors.261 Tumor cells lacking
HLA, which are recognized by inhibitory receptors, are
commonly targeted by NK cells. Moreover, NK cells kill
tumors through antibody-dependent cell-mediated
cytotoxicity (ADCC).262 The CD16 receptor on NK cells
recognizes the Fc region of immunoglobulin G (IgG) bound
to the surface of the target cells, activating the cytotoxic
mechanism of NK cells.

It should be mentioned that NK cells, with their non-
antigen-specific tumor killing capacity, are highly promising
candidates for allogeneic immunotherapy.263,264 As
mentioned earlier, the efficacy of CAR-T cell therapeutics
remains unclear due to the scarcity and heterogeneous
subpopulations of autologous T cells.4,22,100 Furthermore, the
administration of allogeneic CAR-T cells to patients can
result in GvHD and cytokine release syndrome (CRS),
primarily attributed to the presence of TCR on T cells. In
contrast, NK cells, lacking antigen specificity, have attracted
interest for the development of off-the-shelf CAR-NK cells,
which offer a reduced risk profile (Fig. 13a).

Previously, CAR-NK cells were produced at a clinical scale
using flow electroporation.265 Expanded NK cells from a 10-
day culture were resuspended in 14 mL of EP buffer
containing 20 μg mL−1 of mRNA. After 24 h, 18 samples
collected in 800 μL fractions showed transfection efficiency

of 94 ± 1%, demonstrating the scalability of flow
electroporation for CAR-NK cell production. In the case of
CD19-CAR mRNA transfection, ex vivo-expanded NK cells
from 12 individuals showed 82% CAR expression and 87%
cell viability.266 In vivo studies using xenograft models of B
cell leukemia showed that anti-CD19 CAR-expressing NK cells
resulted in a 10-fold lower tumor burden. These results paved
the way for a clinical trial of CAR-NK cells using flow
electroporation (NCT01914479).

In the following sections, we discuss microfluidic
approaches aimed at studying the unknown features and
tumor killing abilities of NK cells to advance the production
of clinically applicable CAR-NK cells.

3.4.2. Microfluidic approaches for NK cell characterization
3.4.2.1. NK cell heterogeneity assay. There are two types of

NK cells: CD56dimCD16bright and CD56brightCD16dim.260 The
former exhibits higher tumor cell cytotoxicity, whereas the
latter acts as an immature NK cell with lower cytotoxicity.
Understanding the heterogeneity in NK cell potency is of
great interest for cell-based immunotherapy.

A droplet microfluidic platform was used for a single NK
cell heterogeneity assay via a killing assay with K562, a
myelogenous leukemia cell line.267 Approximately 3% of the
visualized droplets (60 000 per experiment) exhibited 1 : 1 cell
pairing. A large fraction (77%) of NK cells induced
cytotoxicity within the first 4 h of interaction, corresponding
to the proportion of NK cell subclasses. Additionally, a
microchip containing 100 microwells was introduced to study

Fig. 13 Allogeneic ‘off-the-shelf’ CAR development. (a) Comparison of CAR-T cell and ‘off-the-shelf’ CAR-NK cell. (b) Microarray of acoustic
traps for quantification of natural killer cell heterogeneity. Reproduced from ref. 268 with permission. Copyright 2013 Oxford University Press. (c)
Paper microfluidic cell chromatography for natural killer cell detection, quantification, and subpopulation identification. Reproduced from ref. 276
with permission from The Royal Society of Chemistry. (d) Evaluating natural killer cell cytotoxicity against solid tumors using a microfluidic model.
Reproduced from ref. 281. Copyright 2019 Taylor and Francis. (e) 3D tumor spheroid microarray for high-throughput natural killer cell-mediated
cytotoxicity. Reproduced from ref. 282 (CC BY).
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the lytic activity of individual NK cells against MHC class
I-deficient tumor target cells (Fig. 13b).268 IL-2 activated
PBMC NK cells, and calcein-stained cells were seeded in the
device, with approximately two-thirds of the NK cells
exhibiting cytotoxicity. Live cell imaging reveled that several
NK cells killed up to six target cells in the 4 h assay. For a
time-efficient, high-throughput NK cell heterogeneity assay in
a microfluidic platform, the droplet size for the cell killing
assay was adjusted based on the ratio of effector NK cells to
target cells (E : T ratio).193 NK cells were co-encapsulated with
different hematological cancer cells (K562, Jurkat, and KG1a)
and monitored for 6 h after droplet formation. For small-
sized (∼67 μm) droplets, it was shown that half of the killing
events occurred within the first hour of observation at an E :
T ratio of 1 : 1, whereas large droplets (∼85 μm) were more
suitable for containing three or more cells, providing a
balance between the closest proximity of the effector and
target cells. These studies demonstrated that the
compartmentalization of microwells or droplets enables
single NK cell analysis to study NK cell heterogeneity in a
high-throughput and time-efficient manner. This highlights
the versatility of droplet microfluidic platforms for examining
donor-dependent heterogeneity of NK cells in precision
medicine for cell-based immunotherapy and the study of
heterogeneous NK cell cytotoxicity against different tumor
types.

As mentioned above, CD56dim NK cells showed higher
cytotoxicity than CD56bright ones. The isolation of NK cell
subtypes is required to produce CAR-NK cells using highly
cytotoxic CD56dim NK cells. Moreover, the classification of
NK cells can serve as a parameter as the relative proportion
of CD56dim cells among the total NK cells changes in
conditions such as melanoma and autoimmune diseases.

Dannhauser et al. introduced a label-free microfluidic
device that could identify NK cell subclasses based on
biophysical single-cell features.269 Flowing in a viscoelastic
medium at a relatively low rate of approximately 50 cells per
s, CD56dim and CD56bright NK cells were classified with a
significant difference between the refractive indices of the
nucleus. The device achieved sensitivity of 94.1% for
CD56bright cells and 76.4% for CD56dim cells.

Contrarily, a paper-based microfluidic device for cell
chromatography was utilized to analyze the proportion of
CD56bright and CD56dim NK-92 cells.270 The cells flowed
through the paper-based device containing anti-CD56
fluorescent nanoparticles, and heterogeneous NK cells could
be distinguished based on size differences because IL-2-
starved CD56dim NK-92 cells were smaller than CD56bright

ones. Consequently, CD56bright NK-92 cells were trapped near
the inlet of the device owing to increased flow resistance.
Microfluidic approaches have enabled the label-free, time-
efficient, and high-throughput identification of NK cell
subtypes. Therefore, in addition to therapeutic applications,
microfluidic approaches can be used for diagnostic purposes
to assess the proportion of cell subtypes, which can vary with
the occurrence of cancer.271

3.4.2.2. NK cell cytotoxicity assay. Owing to the differential
expression of inhibitory MHC class I ligands by different
types of tumor cells, the cytotoxicity of NK cells against
tumors exhibits significant heterogeneity. Therefore, it is
essential to gain a comprehensive understanding of
heterogeneous NK cell cytotoxicity against various tumor cells
to develop strategic immunotherapy approaches, including
CAR-NK cells,265,266 high-affinity Fc receptor (CD16) NK cells
for ADCC, CCR7-expressing NK cells for migration toward a
solid tumor,272 as well as immune checkpoint inhibitors273

or targeted therapies such as doxorubicin274 and
trastuzumab.275 Therefore, numerous studies have
investigated the cytotoxicity of NK cells against various tumor
cells.

Sarkar et al. introduced droplet microfluidic platforms to
analyze the effector outcomes of NK cells against target cells
at the single-cell level (Fig. 13c).276 Within each droplet, NK
cells and target cells were encapsulated at a 1 : 1 ratio in a
picoliter volume, thus minimizing the influence of
neighboring NK cells or target cancer cells. The docking array
in the region after droplet formation trapped approximately
4000 droplets per experiment. For the analysis of NK cell
cytotoxicity, specific droplets of interest were monitored for
up to 6 h, at 5 min intervals, demonstrating that prolonged
contact between NK cells and target cells increased cell
death, irrespective of the upregulation of NK-activating
ligands. Furthermore, an NK cell-killing assay performed
using this platform revealed that the NK cells were capable of
killing target cells without the formation of immunological
synapses. This platform was further applied to study NK-92
cells in combination with an immune checkpoint blockade
or lenalidomide against multiple myeloma,277 NK-92 cells
against HER2-positive solid tumor,278 and CD19-CAR natural
killer cells against CD20-resistant non-Hodgkin lymphoma,279

maximizing its applications.
Screening donor-dependent heterogeneous NK cells in

terms of cytotoxicity is crucial for the production of highly
efficient off-the-shelf NK cells that target various tumors.
With the modification of FDA regulations regarding animal
testing,216 microfluidic cell cytotoxicity assay platforms have
the potential to become new standards for screening and
quality testing in the field of NK/Tcell-based immunotherapy
for various tumors.

3.4.3. NK cell functional assay for solid tumor therapy.
Although NK cell cytotoxicity against solid tumors has been
validated through single-cell analysis, TME remains a major
obstacle, similar to CAR-T cell therapies.280 Consequently,
microfluidic platforms offer new opportunities to evaluate
NK cell cytotoxicity against solid tumors and enhance the
therapeutic efficacy of NK cell-based immunotherapy.

Ayuso et al. introduced a 3D ECM model comprising
breast cancer cell spheroids surrounded by lumens lined
by human umbilical vein endothelial cells (HUVECs)
(Fig. 13d).281 They demonstrated that tumor cell–cell
interactions hinder antibody penetration, as the antibodies
are taken up by tumor cells via endocytosis to evade
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immune surveillance. In the NK cell assay, despite their large
size compared with that of the antibodies, NK cells were able to
penetrate spheroids. However, even with a higher ratio of NK
cells, their cytotoxicity was hindered by the ECM, as observed in
other 3D toxicity assays using HeLa cells (Fig. 13e).282 A high-
throughput microfluidic assay for a cancer immunotherapy
platform was proposed to evaluate the killing ability of NK-92
cells in a 3D HeLa cell model. Compared with the 2D cytotoxicity
assay in which approximately 90% of HeLa cells were killed, a
lower percentage of HeLa cells were killed in the 3D TME
despite the higher NK cell density. A microarray-based approach
was also used for high-throughput NK cell cytotoxicity assays
against 3D spheroids.283 The platform utilized micropillar–
microwell sandwiched structures coated with dopamine
hydrochloride in Tris-HCl to facilitate covalent bonding with
MCF-7 cells. In this TME-mimicking 3D spheroid model, NK92-
CD16 cells exhibited approximately 60% cytotoxicity toward
MCF-7 cells under hypoxic conditions. This suggests that the
presence of antibodies, such as trastuzumab, doxorubicin, and
paclitaxel, can increase NK cell cytotoxicity against tumor cells.

Within the ECM, NK cells not only interact with tumor
cells but also with DCs, which are APCs.284 A microfluidic
device was proposed in 2014 to assess NK cell migration in
response to crosstalk with DCs.285 This platform utilized two
channels: one for the control culture medium and the other
for chemokines or conditioned medium. Upon exposure to
conditioned medium from immature DCs, approximately
66% of the NK cells exhibited chemotactic migration.
Conversely, the presence of granulocyte macrophage colony-
stimulating factor (GM-CSF) induces the repulsive migration
of NK cells. This microfluidic platform enables the
investigation of interactions between NK cells and APCs or
other lymphoid cells, thereby opening new avenues for
enhancing the therapeutic efficiency of NK cell
immunotherapy.

As another study to address the limitations imposed by the
TME in NK cell-based immunotherapy, a micro-spray
technology was proposed for the production of porous
microspheres encapsulating NK cells, allowing in situ
injection.286 For this purpose, an alginate solution mixed with
poly(ethylene oxide) (PEO) was used as the precursor solution
for porous microspheres. An in vitro assay demonstrated that
approximately 80% of the MDA-MB-231 cells and nearly 100%
of the A375 cells were killed by the NK-92MI-encapsulated
microspheres. Furthermore, an in vivo study showed that 75%
of tumor cells underwent apoptosis following in situ injection
of NK-92MI-encapsulated microspheres. Therefore, by
leveraging microfluidics technology, not only can enhanced
therapeutic strategies be screened, but more efficient drug
delivery systems can also be established.

4. Conclusion and perspectives

This review discusses CAR-T cell immunotherapy, providing a
detailed analysis of its current landscape, limitations, and
potential solutions and opportunities through the integration

of microfluidics and microfluidics-based approaches.
Additionally, this review explores the application of
microfluidics in advancing next-generation CAR-T cell
therapies, including the emerging roles of allogeneic CAR-T
and CAR-NK cells in the treatment of solid tumors.

To assess the impact of microfluidics on immunotherapy,
a literature search was conducted using the keywords
“microfluidic*” and “immunotherapy*” in the Web of
Knowledge database. When performed in July 2023, the
search yielded approximately 340 articles with over 7700
citations (Fig. 14). Although these numbers may
underestimate the true potential of microfluidics in
immunotherapy, it is noteworthy that the field itself has
experienced rapid growth since FDA approved the first CAR-T
cell therapy product (Kymriah®) in 2017. Another search with
the keywords “microfluidic*” and “cell therapy*” retrieved
approximately 4400 articles with over 84 000 citations in the
Web of Knowledge database, confirming the increasing
attention and potential impact of microfluidics.

However, for microfluidics to have a significant impact, it
must progress beyond proof-of-concept and advance toward
commercialization efforts. In this context, the
commercialization of previous electroporators and ongoing
microfluidic cell transfection platforms by numerous
companies are worth mentioning. Additionally, current
developments in organ-on-a-chip technology for
immunological research and drug development by various
startups have signified the correct steps taken in this
direction. These endeavors are pivotal for optimizing CAR-T
cell manufacturing and ensuring its practical
implementation.

In conclusion, although numerous challenges remain in
realizing fully automated microfluidics-based CAR-T/NK cell
production, it is very true that considerable progress has
been made through the application of microfluidics in
immunotherapy. With growing opportunities in cell-based
therapies, increasing attention from the medical community
and public, engagement of major pharmaceutical companies,
and commercialization efforts, microfluidic platforms have

Fig. 14 Growth of field. Bar graph representing the publications
(yellow) and citations (blue) of each year including words
“microfluidic*” and “immunotherapy*” according to the Web of
Knowledge database, as of July 2023.
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the potential to revolutionize cancer treatment. Continued
collaborative development across academia, industry, and the
medical field will pave the way for the integration of
microfluidics and associated methodologies into cellular
engineering and immunotherapy, decisively shaping the
future of these disciplines.
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