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ABSTRACT

Despite several extraordinary improvements in cancer immunotherapy, its therapeutic effectiveness against many distinct cancer types
remains mostly limited and requires further study. Different microfluidic-based cancer immunotherapy-on-a-chip (ITOC) systems have
been developed to help researchers replicate the tumor microenvironment and immune system. Numerous microfluidic platforms can
potentially be used to perform various on-chip activities related to early clinical cancer immunotherapy processes, such as improving
immune checkpoint blockade therapy, studying immune cell dynamics, evaluating cytotoxicity, and creating vaccines or organoid models
from patient samples. In this review, we summarize the most recent advancements in the development of various microfluidic-based ITOC
devices for cancer treatment niches and present future perspectives on microfluidic devices for immunotherapy research.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108792

I. INTRODUCTION

Different immunotherapies have been used successfully to
treat hematological malignancies and have led to significantly
improved clinical outcomes for various cancer types, such as mela-
noma,' liver cancers,” osteosarcoma,’ colorectal cancer,” acute leu-
kemia,” and breast cancer.”” Despite increased understanding and
promising clinical results, some challenges remain in current
immunotherapeutic approaches, including effective cytotoxicity
evaluation of immunotherapy combinations in preclinical studies,
knowledge of molecular and cellular drivers of immune cell migra-
tion and immune-tumor cell interactions, and maximization of
personalized medicines. Thus, preclinical strategies are being devel-
oped to model human immunity and the tumor microenvironment
(TME).? Microfluidic models provide new opportunities for investi-
gating the intricate interactions that occur inside biological micro-
environments in normal and diseased situations.”"’

Microfluidic technology originated in the 1990s and integrates
concepts from different existing fields, including biology, chemistry,
physics, fluid dynamics, material science, and microelectronics.'"*'?
The field of microfluidics has grown substantially, and the technol-
ogy is becoming a powerful tool with promising application

potential."~'” Recent breakthroughs in microengineering and cell

biology have enabled the creation of novel immunotherapy-
on-a-chip (ITOC), cell-on-a-chip, and organ-on-a-chip techniques,
which can recreate in vivo organ microenvironments for investigat-
ing complicated processes, such as tracking the interaction between
human immune cells and tumor cells and assessing the effects of
various drug treatments.'*”' This review summarizes recent appli-
cations of microfluidic-based devices in cancer ITOC studies.
Moreover, commercial microfluidic products used for immunother-
apeutic purposes are described. Finally, we discuss the current
advantages, limitations, and prospects regarding future immuno-
therapy research utilizing microfluidic technology.

Il. MICROFLUIDIC-BASED
IMMUNOTHERAPY-ON-A-CHIP STRATEGIES

A. Studying cancer immunotherapeutic targets

A cascade of genetic changes causes the generation of cancer
cells. Cancer cells frequently acquire the ability to suppress the
immune system. Hence, placing cancer cells back on the immune
system’s radar has long been thought to be an essential step toward
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total tumor eradication and long-term anticancer protection.'’
Recently, molecular profiling,”””' measurements of gene delivery in
tumor cells,”> and cancer immunotherapeutic gene targets, such as
PD-L/PD-L1, CXCR2,” KRAS+, and MET-Amp,”* human trans-
ferrin receptor (CD71),”* EpCAM,Z(’ N—Myc,27 CCL17, and
TNF-beta,”® have been used to identify biomarkers for various
types of cancer via ITOC devices. In addition, the CRISPR/Cas9
technique was integrated with a microfluidic device for gene knock-
out or autologous dendritic cells and T-cell editing.””*' These
studies provide proof of concept that microfluidic technology is a
promising approach for future gene-based therapy development.

In particular, most recent immunotherapeutic targets focus on
the PD-L/PD-L1 gene to achieve immune checkpoint blockade
therapy for cancer treatment. PD-L/PD-L1 is one of the crucial
immunosuppressive molecules that prevents T lymphocytes from
becoming activated, allowing malignancies to develop.”” In the
clinic, PD-1/PD-L1 immune checkpoint blockade therapy is an
effective cancer treatment method and was approved by the FDA
in 2011;* it offers significant clinical benefits and therapeutic
effects in the treatment of various types of malignancies.” In
recent years, researchers have examined sensitivity to immune
checkpoint therapy and identified patients’ responses to specific
antibody treatments using ITOC devices.

Most ITOC devices for PD-1/PD-L1 have been designed with
three interconnected chambers, including a center chamber for cul-
turing the cells/spheroids/murine- or patient-derived organotypic
tumor spheroids (MDOTS/PDOTS) in a gel and two side channels
for specified therapeutic monoclonal antibodies or treatments
(Fig. 1). Collagen type I and Matrigel are the most common gels
used as microenvironments. Many studies have successfully cocul-
tured cancer cells with immune cells and other factors to determine
the effect of PD-1/PD-L1 immune checkpoint therapy (Table I).
For example, in 2020, Cui et al.”” developed “GBM-on-a-Chip,”
which is a 3D microfluidics-based microphysiological system
(MPS) simulating the subtype-specific in vivo glioblastoma (GBM)
tumor niche, to analyze the heterogeneity of the anti-PD-1 immu-
notherapy response in molecularly different GBM cohorts based on
DNA methylation, transcriptomic and genomic data.

Tumor cells Spheroid

Immune cells

MDOST/PDOST

Hydrogel

Medium + specified therapeutic
PD-1/PD-L1 monoclonal
antibodies or treatments (PD-1/
PD-L1 inhibitors)
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In addition, according to a detailed characterization of the
spheroids from animals and patients with various tumor types,
many critical components of the tumor immune microenviron-
ment (TIME) have been shown to be retained in these spheroids,
including T cells that express PD-1, dendritic cells, a variety of
myeloid cell types, endothelial cells (ECs), and fibroblasts. In the
TIME, mesenchymal stem cells (MSCs) are involved in tumor
development, migration, metastasis, and drug resistance. MSCs
may change the immunosuppressive capabilities of the TIME by
promoting PD-L1 expression in a wide range of malignancies.
Aboulkheyr Es et al.”” used a microfluidic device to show that treat-
ing MSCs with the cytokine inhibitor pirfenidone (PFD) reduced
the production and secretion of different cytokines, including
CCL2 and CCL5, and therefore decreased breast cancer PD-L1
expression. They found that PFD decreases PD-L1 expression indi-
rectly by targeting critical immune-related cytokines in tumor
stromal cells, implying a new method for cancer immunotherapy in
combination with another treatment. Microfluidic devices have also
been used to study the inhibition of PD-L1 expression by overcom-
ing immune suppression for oncolytic therapy.** In 2019, by insert-
ing stimulator U2932 EBNA2 cells transduced with either lentiviral
vectors containing miR-34a or vector control into 3D biomimetic

microfluidic  chips, Anastasiadou et al’® found that in
EBNA2-transfected diffuse large B-cell lymphoma, miR-34a recon-
stitution ~ lowered PD-L1  expression  while increasing
immunogenicity.

The usefulness of measuring PD-L1 expression levels is also
a research focus. When circulating tumor cell (CTC) PD-L1 levels
are compared to tumor biopsy results, it may be possible to iden-
tify individuals who are likely to respond to treatment.””™*
Several microfluidic-based techniques have been developed to
isolate PD-L1 and evaluate its expression on CTCs from patient
biopsies, such as the Vortex HT chip containing parallel channels
with rectangular trapping reservoirs,"”*? low-shear spiral micro-
fluidic technology combined with immunocytochemistry,” an
ultra-stable nanobubble (NB) microfluidic-based reconstruction
process,”’ and an epitope-independent microfluidic device for
enriching CTCs.”'

FIG. 1. Schematic of a microfluidic
device for studying cancer immunother-
apeutic targets (for example, PD-1/
PD-L1). Created with BioRender.com.
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TABLE I. Summary of recent publications on PD-L/PD-L1 in cancer immunotherapy studies. MSC-CM, mesenchymal stem cell-conditioned medium.

Authors, Chip  Hydrogel
reference Targets Cell line On-chip model Time material materials Microfluidic design
Aboulkheyr Gene expression MCF7 Coculturing an 3 3D Collagen  The devices are made up
Esetal profile analysis, epithelial-like/ days culture gel of two parallel
including the low-expressing PD-L1 chip solution ~ communication channels
PD1/PD-L1 gene breast cancer cell line (AIM situated on either side of
with MSC-CM Biotech) an expanded center area
holding gel
Sehgal et al.” Bulk RNA-seq MC38 MC38 MDOTS treated 6 3D Collagen Three channels per
analysis of MC38 with aPD-1, IgG2a,  days culture gel microfluidic chamber:
MDOTS after PD-1 aCD8a, aIFN-y, IL-6, chip solution center channel used for
blockade TNF-0, and/or LCL161 (AIM gel loading and two side
in gel Biotech) channels used for
media”’"
Cui et al.” Optimized PD-1 Patient-derived  Glioblastoma-on-a-chip 2-3  SU-8, Matrigel ~ The microfluidic device
immunotherapy GBM cells days PDMS has a vascular-seeding
channel, a hydrogel
loading channel, and a
medium infusion
channel
Aboulkheyr The MCF7 Cocultured tumor cells 3 3D Collagen  The devices are made up
Es et al.”® immune-suppressive with CAF cells days  culture gel of two media channels
potential of PFD chip solution  that are situated on each
therapy in breast (AIM side of a long central
cancer cells by Biotech) section known as the gel
treating CAF inside channel
the TME
Anastasiadou  PD-L1 inhibition in U2932, In vitro 3D biomimetic 2 PDMS Type 1 A cylindrical channel is
et al.®’ immunotherapy and SUDHLS, model days collagen,  formed in a 3D collagen
miR-34a OMA4, and fibronectin matrix within a
dysregulation in DG75 microfabricated PDMS
cancers gasket'"*
Jenkins MDOTS/PDOTS MC38 and MDOTS/ 3-6 PDMS Type 1 The spheroid-collagen
etal” profiling to identify B16F10 PDOTS-on-a-chip days and collagen was inserted into the
biomarkers DAX-1 device’s center gel
associated with a 3D cell chamber, PDOTS/
PD-1 blockade culture MDOTS-containing
response and chip collagen hydrogels were
resistance (AIM hydrated with medium
Biotech) with or without the
specified therapeutic
monoclonal antibodies
Lee et al.” Characterize the COS-7 cells Nanosensor platform 2 SU-8 N/A The microfluidic chip
interaction of PD-1/ integrated with a days includes two structural

PD-LI and PD-L2

microfluidic chip

layers that are joined
together by thermal
diffusion. Vertical vias
link the bottom layer to
the top layer, which
contains four channels
that interact with the
magneto-nanosensor
chip
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B. Understanding cellular immune responses through
dynamic interplay in the TME

The TME is a complex niche that plays a crucial role in the
clinical behavior and response of many cancer types to various
treatment methods.”” In particular, the TME contains not only
cancer cells but also host-interacting cells, including ECs, stromal
fibroblasts, and a variety of immune cells. Their interaction in the
TME influences tumor development and metastasis. Many micro-
fluidic devices (Table II and Fig. 2) have been developed to model
the dynamic interplay between tumor immune cells,”’ tumor
ECs,°' tumor immune cell monocyte/macrophage migration,('z’(’s
tumor vasculature,"®®” and tumor lymph nodes®® in the TME.
Because they can be used to expose underlying processes of cancer
growth and to estimate the success of experimental oncological
medicines such as small molecules or targeted therapies, these
ITOC devices are beneficial supplements to preclinical animal
models.

Recently, there has been a trend in integrating microfluidic
devices with automatic systems to handle various processes, such as
measurement, imaging, image processing, and data analysis.”*>”"*’
This enables the device to independently conduct sophisticated
fluidic processing steps. For example, a study by Jammes et al.”
demonstrated a fully autonomous microfluidic cellular processing
unit (mCPU) to measure the dissociation rate between T-cell recep-
tors (TCRs) on CD8+ T cells and peptide-major histocompatibility
complexes (pMHCs). In particular, the mCPU system can assess
the dissociation of single-cell surface markers and performs all
essential fluid management, microscopic imaging, image process-
ing, and data analysis, resulting in a closed-loop system capable of
assessment at the single-cell level. The affinity of surface markers
has been proposed as a key metric that correlates with T-cell activi-
ties, while the function of mechanical force in the dissociation rate
is still being debated.

Currently, many researchers are concentrating on adoptive
cell therapy (ACT), whereby cancer patients are administered
immune cells with direct anticancer activity. ACT employs geneti-
cally engineered or endogenous tumor-reactive lymphocytes to
express tumor antigen receptors. CD8+ T cells are the most often
employed lymphocytes in ACT.”” Two major alternatives have
been established. In one strategy, which was initially described in
1993 by Zelig Eshhar, T cells are first programmed to express
chimeric antigen receptors (CARs) made from tumor-reactive
monoclonal antibody single-chain variable fragments. Since 2017,
the Food and Drug Administration (FDA) has authorized
CAR-T-cell therapy for specific malignancies. Another alternative
is to create T cells using the TCR technique, which involves
genetically modifying T cells that generate highly selective TCRs
for malignancies. Many microfluidic devices have been developed
to identify, screen, purify, quantify, and manufacture CARs"' 77
and TCRs.”">"*

Recently, T-cell dynamics have also gained much attention in
the study of immunological processes. The extravasation and subse-
quent infiltration process of T cells have been observed and suc-
cessfully quantified underflow in real-time by using the following
models: the Endothelium-on-a-Chip Model, which is a high-
throughput artificial membrane-free microfluidic platform;™ a
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three-channel microfluidic 3D pancreatic tumor model;”” an in
vitro microfluidic cell extravasation assay with an incorporated
microvascular network;”” and a lymph node-on-a-chip with the
flow to model T-cell migration and T-cell-dendritic cell interac-
tion.”® For instance, Mollica et al.”® created a 3D microfluidic-based
pancreatic ductal adenocarcinoma (PDAC)-TME model to evaluate
T-cell infiltration across the vasculature. T-cell migration into
PDAC cells implanted in a collagen gel was observed, facilitating
the evaluation of T-cell transmigration into the TME with respect
to the upregulation and presence of PSCs, PDAC cells, and EC
linings.

C. Evaluating immune cell-mediated cytotoxicity

In antitumor immunotherapy studies, natural killer (NK)
cells have been explored for their potential capacity to cause cyto-
toxicity in cancer cells.””””™*" Several microfluidic-based devices
(Table IIT and Fig. 3) have been developed to evaluate NK-cell
cytotoxicity in a 3D extracellular matrix microenvironment,
including the following: an injection-molded plastic array culture
(CACI-IMPACT) device for 3D cytotoxicity assays through spa-
tiotemporal analysis of lymphocytes and cancer cells embedded
in 3D ECM,*® a 3D in vitro tumor vasculature model for real-time
monitoring of immune cell infiltration and cytotoxicity,”"*”
microspheres®® and droplet microfluidic-based devices.””~"* By
using droplet-based microfluidics, Antona et al®* generated
NK-92 cells, target cells (K562), antibodies, and IFN-y sensing
beads. The ratio of IFN-y-releasing cells after 12h was investi-
gated, and the released IFN-y and NK-92 cell cytolytic activity
were also analyzed. The device successfully created droplet-
contained cells, similar to an independent screening chamber, to
evaluate IFN-y secretion and cytotoxicity, allowing the detection
of IFN-y at a few femtograms per bead.

One recent potential cancer therapeutic agent is tumor
antigen-specific cytotoxic T lymphocytes (CTLs).”” Through
allogeneic recognition and antigen specificity, the migratory
characteristics and the anticancer response of tumor
antigen-specific CTLs targeting hepatic cancer cells were
studied by Chen et al.”> The microfluidic device was designed
with slit channels to mimic the small capillary channels limited
by fibrous encasement, and enhanced interstitial fluid pressure
was achieved by applying hydrostatic pressure to the tumor.
The authors observed that CTL antigen-specificity against the
targeted tumor cells impacted their cytotoxic effectiveness but
did not influence the success rate of CTLs seeking to penetrate
the tumor core.

D. Exploring clinical utility through the
patient-derived sample

Cancer vaccines have gained popularity among the many
types of cancer immunotherapies due to their capacity to induce
long-lasting tumor regression and antitumor immune responses. In
a simplified microfluidic vaccine production platform, monocytes
were isolated from patient blood and encapsulated in alginate gel
droplets, resulting in much less blood product handling and accel-
erated  vaccine  production.’”  Different  antigen-  and
adjuvant-loaded monocytes may be encapsulated in separate gel
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TABLE II. Summary of recent publications on the cellular dynamics of immune response.
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Authors, Chip Hydrogel
reference Targets Cell line On-chip model Time  material  materials Microfluidic design
Jemmes Characterizing SupT1 Analyzed 6- SU-8, PDMS  N/A The device has four fluid
et al.” pMHC-TCR TCR-pMHC 10h inputs (each with its own
interactions dissociation rates on built-in filter), five fluid
live CD8+ T cells outputs, and eight
[Fig. 2(a)] autonomous chambers
Wang Identify T2, TCR-T Using a cellular SU-8, PDMS  N/A Droplet-generating chip and
etal™ TCR-pMHC reporter system and a droplet-sorting chip
interactions at a fluorescence-activated [Fig. 2(b)]
single-cell level droplet approach to
perform function of
tumor antigen-specific
TCRs on single cells
Nguyen Investigate effects ~ HCT116 NK  Triple culture of 3D 3 Akura Flow Hydrogel The microfluidic chip has two
et al> of antitumor NK cells colorectal tumor days MPS separate microfluidic channels
cells on tumor and microtissues, cardiac discovery with medium reservoirs at
cardiac microtissues microtissues, and platform both ends; up to ten
human-derived NK fluidically coupled
cells in the same microtissues can be
microfluidic network accommodated in each
channel [Fig. 2(g)]
Pendharkar Pair single cells and A549, THP-1  Single-cell trapping 4 SU-8,PDMS  N/A Microfluidic flip-chips have a
et al.>® carry out and performing cell ~ days three-layered structure with
electrofusion electrofusion PDMS channels as the top
efficiently layer, a through-hole
membrane as the middle
layer, and titanium electrodes
as the bottom layer [Fig. 2(c)]
Berger Cell morphology MCF7, On-chip generation of 3 SU-8, PDMS Alg/Alg-S The chip design was
Fridman and EMT; oxidative CCD-1129SK,  Alg and Alg/Alg-S  days hydrogel ~ composed of an array layer,
etal”’ stress and human TME scaffolds featuring a flow-focusing
apoptosis; monocyte/ junction for rapid droplet
immunomodulation  macrophage generation and an array with
cells, 1000 docking sites, an upper
peripheral layer that spans the array and
blood facilitates efficient perfusion
mononuclear of the TME scaffolds;
cells perfusion is possible through
the array channels [Fig. 2(d)]
De Haan Transendothelial HMEC-1,  Coculture with tumor 2 OrganoPlate 4 mg/ml 40 chips with long gel and
et al.”™ T-cell migration in  A375, primary  cells to study T-cell ~ days (3-lane;  collagen I perfusion channels
3D CD3+ T cells  invasion into tumor MIMETAYS) gel
microenvironments
[Fig. 2(f)]
Mollica Observe and HUVECs, Pancreatic cancer 5 3D culture 3mg The device was made with a
et al.”’ quantify T-cell PANC-1, cells, organ-specific ~ days  chip (AIM ml™ cyclic olefin polymer sealed
infiltration across PSCs stromal cells, and Biotech) collagen  with an oxygen-permeable
the vasculature endothelial cells were solution =~ membrane and consists of

cocultured inside a
microfluidic device
[Fig. 2(e)]

two lateral channels and a
central region, which is
divided by an array of
triangular pillars placed at a
distance of 100 um
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FIG. 2. Recent microfluidic designs for understanding the cellular dynamics of immune responses. (a) The mCPU platform was used to analyze TCR-pMHC dissociation
rates. Reproduced with permission from Jammes et al., ACS Sens. 7, 159 (2022). Copyright 2022 American Chemical Society. (b) Coencapsulation of cells in droplets.
Reproduced with permission from Wang et al., Anal. Chem. 94, 918 (2022). Copyright 2022 American Chemical Society. (c) Fluidic resistance model for the cell trapping
process. From Pendharkar et al., Cells 10, 2855 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Atftribution (CC BY) License. (d) Microfluidic
design with a magnified view of the array docking sites. Reproduced with permission from Berger Fridman et al., Acta Biomater. 132, 473 (2021). Copyright 2021 Elsevier
B.V. (e) The PDAC-TME model comprises cancer cells (PANC-1, blue) sown in the central gel area, bordered by two medium channels containing endothelial cells (ECs,
green) and pancreatic stellate cells (PSCs, gray). From Mollica et al., Biomater. Sci. 9, 7420 (2021). Copyright 2021 Author(s), licensed under a Creative Commons
Attribution (CC BY) License. (f) 3D coculture comprising ECs and T cells (yellow). From De Haan et al., Int. J. Mol. Sci. 22, 8234 (2021). Copyright 2021 Author(s),
licensed under a Creative Commons Attribution (CC BY) License. (g) (i) The iMPSs modified based on the Akura™ Flow platform. Scale bar: 10 mm. (ii) Reservoir and
adjacent MT compartments. (iii) One reservoir's cell enrichment zone (scale bar: 1 mm). From Nguyen et al., Front. Inmunol. 12, 781337 (2021). Copyright 2021 Author
(s), licensed under a Creative Commons Attribution (CC BY) License.
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TABLE lll. Summary of recent publications on immune cell-mediated cytotoxicity studies.

scitation.org/journal/bmf

Authors, Hydrogel
reference Targets Cell line On-chip model Time Chip material materials  Microfluidic design
Song Observe cytotoxic HUVECsS, lung In vitro tumor 1 Polystyrene Fibrin gel The platform is
et al®! activity of NK cells on fibroblasts, vasculature model on  day composed of three
colorectal cancer primary NK the injection-molded parallel fluid guide
cells, peripheral ~ microfluidic platform rails, and rapid and
blood robust fluid patterning
mononuclear driven by capillary
cells forces enables
high-throughput
experiments
[Fig. 3(b)]
Hong Determine the HEK293T, A tri-culture of 3-4 PDMS 3mg The microfluidic chip
etal”  EV-mediated miR-124  U373MG and glioblastoma cells, days ml™" type  consists of one gel
delivery-induced U87MG, SV40, microglia, and NK I collagen channel at the center
synergistic antitumor NK-92, cells in a 3D and two medium
effects by suppressing SNU-201, microfluidic device channels on both
the growth of human SNU-466, sides [Fig. 3(c)]
GBM cells and SNU-489,
inhibiting M2 SNU-626, and
microglial polarization SNU-1105
Gopal Demonstrate MiaPaCa-2, 3D coculture of 8 Polystyrene Matrigel The chips were coated
etal’””  NK-cell-mediated cell MCE-7, NK92-CD16 cells with days  330-micropillar with polydopamine
cytotoxicity in MDA-MB-231,  pancreatic and breast chips (MBD and hydro droplet
combination with NK92-CD16 cancer cells Korea Co.) containing cells on the
monoclonal top [Fig. 3(d)]
antibodies
Kim Predict T24 and 5637 The bladder 3 PDMS N/A The microfluidic
et al”’ immunotherapeutic cells, MRC-5 cancer-on-a-chip was  days device consisted of a
effects cells, THP-1 cells fabricated with either tissue culture
T24 or 5637 cells and platform, a nutrient
the MRC-5, HUVEC, supply channel, and a
and THP-1-cell lines waste removal
[Fig. 3(g)] chamber
Antona  Investigation of IFN-y =~ NK-92, K562 Droplet-based 12h PDMS N/A The water inlet of the
et al™ release and NK-cell microfluidics is chip was connected to
cytotoxicity in a employed to a spiral channel used
sensitive, quantitative, quantitatively to separate suspended
and multiplexed way investigate IFN-y beads/cells in the
secretion from single aqueous phase prior
NK cells in correlation to droplet generation
with their cytotoxic at the T-junction
activity against a
specific target
[Fig. 3(a)]
Chen Investigate the BNL, HEPA1-6, Cocultured cancer cells 2-3 SU-8, PDMS Type I The microfluidic
et al® behaviors of GP33 2C, and P14 and immune cells in ~ days collagen  platform consisted of
antigen-specific CTLs ~ CD8+ T cells  collagen gels confined gel three main channels

against GP33+murine
hepatic cancer cells
(HEPA1-6) in the
presence of elevated
IFP and narrowed
interstitial paths

in an array of
microwells

running in parallel
and an array of “slit”
channels connecting
adjacent main
channels [Fig. 3(f)]
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TABLE lll. (Continued.)
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Authors,

reference Targets Cell line

On-chip model

Hydrogel

Time Chip material materials ~ Microfluidic design

Park Infiltration, migration,  HeLa, NK-92
et al.® and cytotoxic activity
of NK-92 cells against
HelLa cells in the

collagen matrix

MCF7, HUVECs,
NK-92

Ayuso
et al.”’

Study natural killer
cell response

3D coculture of 1
cytotoxic lymphocytes  day
with cancer cells
[Fig. 3(c)]

3D coculture of NK 3
cells with cancer cells  days

Microfluidic rail-based
microstructures are
embedded in
microwells with a
96-well plate format.
The microstructure in
a single well consists
of two low rails for
primary hydrogel
patterning and one
high rail to form a
channel for secondary
fluid patterning after
hydrogel cross-linking
Microdevice
comprised a central
microchamber to
inject a 3D hydrogel
and three parallel
PDMS rods

Polystyrene Type I

collagen

SU-8, PDMS 4.0 mg/ml

collagen

type I

droplets that suit the cells’ optimal conditions to form a cocktail
vaccine specific to the medical profile of a particular patient. For
example, in a 4T1 breast tumor model, anti-PD-1 antibodies were
embedded in gel droplets, resulting in a cocktail vaccination with
increased anticancer effectiveness. Another study used glass capil-
lary microfluidics to produce nanoparticles,” which were shown to
give a significant maturation signal to immature dendritic cells,
leading to a higher presence of CD8+ T-lymphocytes in the TME
and resulting in a synergistic effect with the anti-CTLA-4 therapy
for melanoma cancer.

Although increasingly effective tumor nanovaccines are being
created, their use is severely restricted by safety, delivery, side
effects, and production volume.””” These issues can be solved by
utilizing a microfluidic device to swiftly combine precursors within
microfluidic channels and precisely control fluids, resulting in
more uniform, faster, and precise particle production. Recently, by
constructing a unique peptidic microarchitecture (PMA) vaccine
carrier, Du et al.’® presented a technique for enhancing tumor
vaccine immunogenicity. The PMA-neoantigen successfully cleared
MC38 tumors in vivo when paired with immune checkpoint inhibi-
tion or a phosphatidylinositol 3 kinase (PI3K) inhibitor. The
microfluidic chip was utilized to make PMA particles that were
more homogeneous and accurate. In an allograft mouse tumor
model, these cancer vaccination cocktails successfully and simply
combined diverse treatment techniques and demonstrated good
therapeutic effectiveness.

The continued integration of novel engineering tools and bio-
logical concepts, such as 3D printing, automated handling, in situ
multisensors, or organoids, and patient-specific induced

pluripotent stem cells into organ-on-a-chip platforms will signifi-
cantly advance their biomedical applications.” MDOTS/PDOTS
cultivated on a 3D microfluidic device can be used to quickly inves-
tigate the effects of immunotherapy and targeted treatment in an
ex vivo system, allowing for the discovery of therapeutic combina-
tions. Therefore, the number of known biomarkers can be greatly
increased.”™”” Preclinical research can be used to establish and
steer next-generation clinical trials for lung, ovarian, kidney, multi-
ple myeloma, and breast cancer patients’” %"~ to increase their
success rate. The ex vivo model may provide a new way to select
the optimum therapy for an individual patient based on the ex vivo
response of cancer medication treatment alternatives and newer
immunotherapeutic therapies, such as CAR-T-cell therapy, pending
further research. As a vital aspect of cancer patients’ long-term
treatment, this precision medicine method is predicted to provide a
transformational strategy for eliminating inefficient or superfluous
medications, minimizing excess toxicity and costs, and limiting
tumor cell cross-resistance to drugs. This method may also be uti-
lized for preclinical testing of new treatments, investigating the for-
mation of drug-resistant cancer subpopulations, discovering novel
therapeutic targets, and establishing ex vivo models of different
metastatic tumors. Organ-on-a-chip models are also used to study
interactions between cells or organs and chemotherapeutic treat-
ment, therapeutic antibodies,'"” or the TME, including the extra-
cellular matrix'*>'%°™'% and blood vessels.'”” The efficacy of a
drug or treatment can be determined in patient-specific models,
introducing the potential for single-patient clinical trials. Several
studies have demonstrated designs for an integrated microfluidic
chip for improving cancer treatment (Table IV and Fig. 4).
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FIG. 3. Recent microfluidic designs for evaluating immune cell-mediated cytotoxicity. (a) The droplet-based microfluidic platform for the combinatorial evaluation of IFN-y
release and NK-cell cytotoxicity. From Antona et al., Adv. Funct. Mater. 30, 2003479 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC
BY) License. (b) In vitro tumor vasculature model on the injection-molded microfluidic platform. From Song et al., Front. Immunol. 12, 733317 (2021). Copyright 2021
Author(s), licensed under a Creative Commons Attribution (CC BY) License. (c) A 3D microfluidic coculture device to recreate the interaction between GBM and microglia.
From Hong et al., Theranostics 11, 9687 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) License. (d) 3D MCF-7-cell aggre-
gates on the surface of the 384-pillar plate and NK92-CD16 cell-mediated cytotoxicity were determined using the 384-pillar/well sandwich platform. From Gopal et al.,
Commun. Biol. 4, 893 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) License. (e) The 3D cytotoxicity test procedure. Under
low rails, HeLa cells buried in collagen were patterned (Day 0). NK-92 cells were injected into a microchannel created by the hydrogel after 24 h of culture. NK-92 cells
were placed on a collagen block (Day 1) and cultivated for an additional 24 h by tilting the device at an angle of 90°. From Park et al., Front. Immunol. 10, 1133 (2019).
Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) License. (f) The microfluidic platform for modeling physical impediments in the tumor
interstitium, which consists of three high main channels joined by high slit channels. Scale bar: 100 um. From Chen et al., Sci. Rep. 10, 13662 (2020). Copyright 2020
Author(s), licensed under a Creative Commons Aftribution (CC BY) License. (g) The whole structure of the bioprinted cell block. From Kim et al., Int. J. Mol. Sci. 22, 8887

(2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) License.
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TABLE IV. Summary of recent publications on clinical utility through patient-derived samples. HNSCC, head and neck squamous cell carcinoma.

Chip  Hydrogel

Authors, reference Targets Cell line On-chip model ~ Time material materials  Microfluidic design
Hafezi et al.'"’ Molecularly engineer HepG2.2.15, Labeled TCR-T 3-5 PDMS, Matrigel The device comprising
TCR-T cells that HepG2, cells were added to days  SU-8 a gel region with
could retain their ~ peripheral blood  the microfluidic adjoining media
polyfunctionality mononuclear device containing channels separated
seen in patients while cells dissociated from the gel channel
minimizing the HepG2-Env target by trapezoidal posts'"’
associated risk of cells

organ rejection
Virumbrales-Munoz Generate organotypic Normal (NEnC) Microfluidic tubular 3-4 PDMS  Collagen The device has a

et al'” primary and vessel models days type I hexagonal chamber
patient-specific blood tumor-associated with two side ports for
vessel models using ~ primary CD31+ hydrogel injection and
normal and selected cells two differently sized
tumor-associated (TEnC) ports that hold a
primary CD31+ PDMS rod and are
selected cells designed to enable
passive pumping for
fluid flow through the
lumen [Fig. 4(c)]
Zhou et al.'"? Streamlining the HeLa, Hep G2, Integrated CTC 11 SU-8, N/A The device consists of
on-chip separation, CTCs procurement and  days PDMS two main parts: a
capture, on-chip culture separation channel and
immunofluorescence a micropost-array
assay and/or in situ chamber for cell
culture of isolated trapping and culture
cells
Al-Samadi, et al.'"">  Tsolated cancer cells, Human tongue Tongue cancer cell 3  PDMS, Myogel/ Microfluidic structure
patients’ serum, and SCC, HNSCC line (HSC-3) days SU-8  fibrin gel contains a deep central
immune cells; test patient samples, embedded in a chamber for the
the efficacy of human peripheral human immune cells, which is
immunotherapy on blood tumor-derived connected to the
HNSCC patient mononuclear matrix (Myogel/ neighboring cancer cell
samples cells fibrin) and immune containing channels
cells via microchannels. The

channels incorporating
the cancer cells are
linked to the immune
cell containing channel
from both sides

[Fig. 4(a)]
Aref et al.”® Evaluation of MDOTS/PDOTS MDOTS/ 5-9 3Dcell Typel  The device consists of
murine- and PDOTS-containing days culture and IV three microfluidic
patient-derived tumor, immune, chip  collagen chambers each with a
organotypic tumor and stromal cells (AIM central gel channel
spheroids were cultured in the Biotech) flanked by two media
chip with channels
therapeutic
monoclonal
antibodies
[Fig. 4(b)]
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FIG. 4. Recent microfluidic design for exploring clinical utility through patient-derived samples. (a) Microfluidic chip design for loading immune cells into channel A and
cancer cells into the two channels labeled B. The channels labeled C are used for hydration. Reproduced with permission from Al-Samadi et al., Exp. Cell Res. 383,
111508 (2019). Copyright 2019 Elsevier Inc. (b) Workflow for MDOTS and PDOTS. A tumor specimen is obtained and dissociated physically and enzymatically; macro-
scopic tumors, single cells, and spheroids were all studied. The spheroids are harvested and embedded in collagen before being delivered into a microfluidic channel for
culture. Scale bars: 100 um. From Aref et al., Lab Chip 18, 3129 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution (CC BY) License. (c)
Permeability calculations are based on the seeding technique and dextran diffusion experiments. The microchamber was filled with a collagen hydrogel polymerized
around a PDMS rod, which was then removed, resulting in a tubular-shaped gap in the hydrogel. From Virumbrales-Munoz et al., Lab Chip 20, 4420 (2020). Copyright
2020 Author(s), licensed under a Creative Commons Attribution (CC BY) License.
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11l. COMMERCIAL IMMUNOTHERAPY-ON-A-CHIP
PRODUCTS

Recently, versatile analytic methods have provided more quan-
titative knowledge of cancer progression and microenvironmental
interactions that allow improvements in targeted cancer therapy.
Powerful systems have been developed, such as the LabSat™ autos-
tainer''* for TME analysis and microfluidic 3D bioprinting (RX1""
bioprinter, Aspect Biosystems),''” to print a core-shell fiber design
that recapitulates the immune “cold” TME and permits monitoring
of immune cell infiltration into the cancer cell core of the fiber.
Furthermore, the Opto™ Cell Therapy Development Workflow for
Berkeley Lights systems was designed to screen hundreds of indi-
vidual T-cell targets for CAR-T-cell phenotypic and functional
screening, as well as the finding of TCRs linked with certain T-cell
behaviors. Subsequent live-cell export for the downstream study of
T cells of interest will assist scientists in hastening the discovery of
effective cancer medicines.''® AI has also been integrated with a
microfluidic device (the Dexter = microfluidic platform) to incor-
porate the sorting of single cells and discover functional connec-
tions between various immune cells and malignancies.''” The
mechanistic change coordinated by immune activation was demon-
strated by additional Al-guided matrix coupling with polyfunc-
tional modulation properties. This method will allow for the
identification of driver modulation associated with the projected
therapeutic response as well as the modeling of next-generation
cell-based immunotherapies.

Table V shows the list of commercial systems using microflui-
dics for cancer immunotherapy research.

scitation.org/journal/bmf

IV. STRENGTHS AND WEAKNESSES OF USING
MICROFLUIDIC TECHNOLOGY IN
IMMUNOTHERAPY-ON-A-CHIP RESEARCH

In recent decades, the application of microfluidic technologies
for addressing biological questions has emerged as a potent tool for
cancer immunotherapy research. Microfluidic devices are designed
to create 3D cellular models that almost exactly reproduce the
microenvironment and offer various benefits over conventional in
vitro systems. It is a physiologically appropriate technique for
researching biological processes that underpin cancer development
and therapy. The microfluidic device can be designed with multiple
channels that adjust depending on users and the biological experi-
ment. Moreover, pressure, flow velocity, oxygen concentration
levels, and temperature are easy to maintain and control. This
allows for more accurate replications of genuine physiological cir-
cumstances in the human body and simplifies the investigation of
cellular responses under tightly regulated environments.
Furthermore, microfluidic platforms can be fabricated using differ-
ent materials based on experimental requirements of techniques,
such as microscopy, surface modification, or biological/biochemical
assays. Using a microfluidic device also reduces the number of nec-
essary samples, materials, and reagents. Hence, the cost of consum-
ables required for experiments dramatically decreases.

Despite the apparent advantages of microfluidic technology,
several limitations remain. For example, microfluidic devices might
not fully replicate realistic environments due to the artificial charac-
ter of the constructed microenvironment, and these devices can
exhibit drug sorption or toxicity depends on the materials used.

TABLE V. Microfluidic-based systems recently released on the market and their applications.

Products Applications Company Reference
LabSat autostainer LabSat The automated staining instrument, which is based on a Lunaphore 114
Frozen microfluidic technology, is capable of performing Technologies,
immunohistochemistry assays on frozen sections in approximately Switzerland
12 min, while maintaining high staining quality and
reproducibility
Opto Cell Therapy Antigen recognition mediated by CARs Differentiate CAR-T-cell ~ Berkeley Lights, USA 116
Development Workflow subgroups TCR-mediated antigen recognition
RX1 bioprinter Direct extrusion of biological fibers with varied diameters Aspect Biosystems, 118 and 119
Canada
Dexter microfluidic platform Combining a controlled microfluid system and Al for real-time Shilps Sciences Inc., 117
surveillance of dynamic tumor-immune interaction at the USA
single-cell level
CellSqueeze Squeezing cells quickly through a microfluidic chip Temporarily SQZ Biotech, USA 120
exposing the cell membrane and enabling biologic substances or
cargo to seep into the cell before it reseals.
DAX01 AIM Biotech 3D Cell 3D cell culture AIM Biotech, 38
Culture Chips Singapore
Akura Flow MPS discovery Preclinical efficacy and toxicity testing applications in a InSphero, Switzerland 55
platform multitissue, microfluidic assay format
OrganoPlate 3-lane Perfused tubules, cell-cell interaction, 3D cell migration, MIMETAS, The 58
angiogenesis, vascularization. Netherlands
Polystyrene 330 micropillar 3D cell culture MBD Korea Co., 77

chips Polystyrene 384 pillar
plates

South Korea
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Moreover, the microfluidic design for organ-on-a-chip models is
complex because of the organ size (mass and volume) and their
scale with fluid quantity and flow. Hence, to overcome this limita-
tion, there is an unmet need for a protocol to replicate an accurate
scale of the organ relative to the other components of the system,
and it is crucial to have standardization to help researchers follow
methods, control the resulting quality, and compare their findings.
Using only a small fluid volume may also be considered a drawback
for several experiments requiring many samples. In addition, human
immune system studies on a microfluidic chip also challenge the
researcher. With many vital cell activities, including immune and
adaptive cells, a lack of one of the cellular components or an incor-
rect ratio may result in a difference from the natural human body.
Furthermore, maintaining the correct number of different cells and
their activity on a tiny device is complicated. Traditional cell seeding
procedures frequently result in the loss of cells due to adhesion or
sedimentation. Thus, it is reasonable to conclude that substantial
advancements in microfluidic chips are necessary before they can
reproduce the complexity of living species.

V. CONCLUSIONS

Microfluidic devices have tremendous potential to facilitate
biologically relevant experiments and the investigation of many
hitherto underexplored aspects of cell biology. In cancer immuno-
therapy, personalized medicine has attracted more attention due to
the complexities of the cancer characteristics of different individu-
als and cancer types. Microfluidic devices are highly suitable for
personalized targets, such as creating gene/protein profiles, per-
forming drug screening, assessing drug combinations and drug
resistance, analyzing immunotherapeutic effects, and performing
cytotoxicity studies. Furthermore, there is an increasing number of
device designs, and standardization in the field may be established
soon.
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