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Abstract
Organs-on-chips have been developed for recapitulating human
organ functions in in vitro as microfabrication techniques meet biology
since the early 2000s. Specifically, polydimethylsiloxane (PDMS) based
microfluidic devices enabled to mimic organ functions by providing
spatially compartmented cell patterning for culturing cells with in vivo
like layout. The selective cell patterning enabled 3D cell culture and
spatiotemporal analysis which were challenging to conduct with
conventional cell culturewares such as petri-dishes, flasks, and wellplates. However, traditional organs-on-chips have limitations in
salability, experimental throughput, and absence of standard due to their
closed channel designs based on PDMS. Here, we introduce two
capillarity

guided

patterning

(CGP)

methods

by

integrating

microstructures with conventional cell culturewares. First, we fabricated
micropillar arrays on open polystyrene (PS) surfaces and the micropillars
can capture liquids swept over the surface. Using the devices, we
demonstrated 3D culture applications, single cell capturing and retrieval
and multiple cell co-culture. Second, we integrated rail-structures with
microplate. Beneath a rail-structure, hydrogel precursors can selectively
remain according to meniscus dynamics when the pre-loaded precursors
are aspirated. These two CGP methods can be produced with injection
molding and provide enhanced experimental throughput. Using the raili

based CGP method, we developed a 3D cytotoxicity assay for cancer
immunotherapy based on an injection molded plastic culture (CACIIMPACT) device to assess killing abilities of cytotoxic lymphocytes in
3D microenvironment through a spatiotemporal analysis of the
lymphocytes and cancer cells embedded in 3D extra cellular matrix
(ECM). Owing to the aspiration-mediated patterning, hydrogel
precursors can be patterned in 12 wells within 30 s. For functional
evaluation of the cytotoxic lymphocytes engineered for cancer
immunotherapy, HeLa cells encapsulated by collagen matrix were
patterned beneath low rails and NK-92 cells were loaded into the channel
formed by the collagen matrix. We observed infiltration, migration and
killing activity of NK-92 cells against HeLa cells in collagen matrix.
Through image-based analysis, we found ECM significantly influences
migration and cytotoxicity of lymphocytes. Hence, the CACI-IMPACT
platform has the potential to be used for pre-clinical evaluation of ex vivo
engineered cytotoxic lymphocytes for cancer immunotherapy against
solid tumors, and the CGP methods are expected to accelerate the
commercialization of organs-on-chips.
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Chapter 1. Introduction
1.1. History of organs-on-chips
Since the advent of polydimethylsiloxane (PDMS), a number of
microfluidic devices have been introduced in biological and chemical
research field such as diagnostic devices (1), chemical gradient
generators (2), nanoparticle synthesis (3), and particle separators (4).
Especially, PDMS-based devices brought great improve in cell biology
due to its characteristics favorable for cell culture. Gas permeability of
PDMS enables long term cell culture and transparency of PDMS
facilitates observation of cultured cells within the PDMS-based devices
(5). Most of all, molding microstructures with PDMS revolutionized
cell-based studies that were challenging with conventional labwares. For
example, microwell devices facilitated studies of heterogeneity of cells
and deformation of micropillar array enabled analyzing distribution of
forces applied by a single cell (6, 7).
Organ-on-a-chip is one of the most successful applications
utilizing the characteristics of PDMS advantageous for cell-based studies.
Huh et al. opened the era of organ-on-a-chip as they recapitulate organlevel function by utilizing the characteristics mentioned so far (8).
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Furthermore, hydrophobicity of PDMS enables micro-pores to work as
capillary bursting valves that facilitate to arrange cells into
physiologically relevant layouts (9). Along with the hydrophobicity,
elasticity of PDMS allows to apply mechanical stimulation to the
cultured tissue so that the device can mimic stretching and relaxation of
the lung. Since the lung chip has shown the possibility of recapitulating
organ-level function in microfluidic devices, a number of microfluidic
devices have been developed, mimicking diverse organ functions such
as blood-brain barrier (10), gut (11), bones (12), airways (13), and
kidney (14). Following the development of organ units, there were trials
to integrate of the organ chips. In 2014, NIH funded 11 institutions to do
the work and DARPA entered into cooperative agreements with NIH
award recipients to develop platforms capable of integrating 10 or more
organ systems. As a result of the projects, Edington et al. reported
interconnected microphysiological systems (MPS), or organs-on-chips,
by integrating 4, 7, and 10 MPSs for pharmacological testing (15).
Although they showed the possibility to connect multiple organ chips
and to analyze drug response, they discussed that quantitative analysis is
challenging as the number of interconnected MPSs increases.
Furthermore, diverse cell sources, culture medium, control of flow rate
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make the multi-MPS system difficult to be realized and used by
researcher other than the developers. The hurdles in developing multiorgan chip systems has led the trend of organ chip research to develop
disease models that are specific applications with a single organ chip. In
2016, NCATS announced a funding opportunity as part of the tissue
chips for disease modeling and 13 institutions were funded to develop
disease models such as Parkinson’s disease, inflammation in muscle,
vascular malformations, etc.
Along with the change of research trend and technical
improvement in organ chip field over a decade, the field has been
matured to commercialization. Emulate spun out from Wyss institute
supports kidney, liver, and intestine chips and hardware for manipulating
the chips efficiently. They also provide services to execute studies
utilizing the chips as customer wants such as toxicity test and drug
efficacy test. As their devices are made with PDMS which is challenging
to make scalable, they are developing manufacturing systems and
enhancing experimental throughput by utilizing hardware. Tissuse is a
german company where has profound experience in multi-organ chip
devices. Their four-organ (intestine, liver, skin, and kidney) chip
demonstrated long-term co-culture of the organs for up to 28 days (16).
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Instead of using gravity driven flow, they utilize a built in micropump
driven by an external pneumatic controller. For the pneumatic control,
their device utilizes a thin PDMS film. To address limitations in
manufacturing of microfluidic devices using PDMS, some companies
develop plastic-based microfluidic chips. Mimetas is a representative
company developing well-plate formatted devices produced with
thermal plastic. Using their multi-lane devices several research groups
reported organ models such as kidney proximal tubule (17), blood-brain
barrier (18), gut (19), and glomerular filtration barrier (20). Unlike
premature era of microfluidics when most of the articles were reported
by inventors, recent articles using devices from Mimetas show that
commercialized microfluidic devices are widely used by biological
researchers.

1.2. Challenges in current organs-on-chips
As commercialized organ chips are used by biologists,
pharmaceutic companies, and medical researchers, their usefulness
should be verified for prosperity of the market. In order to be used for
screening systems in development process of drugs or cosmetic products,

４

not to be a single time use for novelty in research, some challenges
remain to be addressed.
First, improvement in manufacturing process is needed.
Making devices with PDMS is time consuming and requires intensive
labor. Normally, the fabrication process consisting of PDMS molding,
cutting, punching, and plasma bonding takes 1-2 hours and recovering
hydrophobic surface after plasma bonding requires one or more days if
the device utilizes the hydrophobic surface for cell patterning (21, 22).
Hence, many organ chip companies produce their products with thermal
plastics which are scalable via injection molding.
The second problem is low experimental throughput. Even
though they changed material, most of the devices keep using cell
patterning methods that utilize capillary bursting pressure between
narrow gaps formed by micropillars or microbumps (23, 24). As critical
capillary pressure at narrow gaps depends on the hydrophibicity of the
surface, thermal plastics have smaller critical capillary pressure than
PDMS. The lowered critical capillary pressure in plastic devices induces
larger patterning failure rate as users can easily exceed the pressure if
they are not sufficiently trained. Even though they are skillful for the
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patterning process, sophisticated pressure control is required which
limits automation of the loading process.
For the last, absence of standard in size and shape causes
inefficiency in maintenance and analysis (25). Even though a number of
organ chip devices have been developed for a decade, there is no standard
for their sizes and formats. It means that each device requires customized
setup for cell culture and analysis. Furthermore, the variety in designs is
not familiar with researchers who do not have experience in
microfluidics so that it hinders introducing organ chips to potential users.
Berry et al. reported inserts for well-plates generating rail-structure that
can work as microfluidic channel (26). The article showed the possibility
for microfluidics to be combined with conventional cell-culture products
which are widely used and compatible with automated equipment.
However, commercialized microfluidic devices still have their own
formats and the companies develop equipment for handling the
microfluidic devices.
It is believed that the limitations are originated from closed
channel designs based on PDMS-glass bonding whose opening exist
only at inlet/outlet ports. Even though Aim biotech produces
microfluidic devices with injection molding (27), its experimental

６

throughput varies with users’ skills due to lower hydrophobicity of
plastic compared with PDMS. Hence, to address all the limitations, a new
approach in design, material selection, fabrication method, and
patterning method is required.

1.3. Models for cancer immunotherapy
Cancer immunotherapy is a new approach to treat cancers by
increasing cytotoxic capability of patient’s immune system against
cancer cells. Programmed death-ligand 1/programmed death-1 (PDL1/PD-1) blockade is one of the most representative therapies of cancer
immunotherapy. The blockade enhances recognition of cancer cells by T
cells as non-self, inducing cytotoxic activity of T cells against cancer
cells. This approach significantly enhanced long-term survival rate
compared with conventional therapies such as targeted therapy and
chemotherapy (28). The great success of immune checkpoint inhibitors
led the inventors, Tasuku Honjo and James Allison, to receive the 2018
Novel prize in physiology or medicine.
As the efficacy of immune checkpoint inhibitor is verified and
the market share is growing, a number of immunotherapy drugs are
developed and are under clinical trials (29). The intensive development
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of immunotherapy drugs has increased the demand for screening models
in the preclinical stage (30). Mouse models takes the major position in
preclinical studies, however, the immune system reconstituted in mice
cannot elucidate the one in the human body even though human immune
cells

are

transplanted

(31).

Furthermore,

tumor-immune

microenvironment (TIME) consisting of cancer cells, fibroblasts,
lymphocytes, and macrophages, is hardly maintained in mouse models.
Hence, a need for pre-clinical model recapitulating anti-tumor immune
system exists.

1.4. Purpose of Research
In previous chapters, limitations in commercialized organ chip
devices and demand for preclinical models screening immunotherapy
drugs are introduced. In this thesis, we will introduce two capillarity
guided patterning (CGP) methods to address the aforementioned
limitations of conventional organs-on-chips. Using CGP, we will
introduce a 3D cytotoxicity assay platform for evaluating cell-based
cancer immunotherapy. For the CGP methods, microstructures will be
integrated with conventional cell culturewares, petri-dish and well-plate,
which provide open culture environment. To enhance productivity, we
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utilized plastics which can be mass produced via injection molding. In
order to enhance experimental throughput, we developed automated
patterning system (chapter 2) or simple patterning process (chapter 2 and
3). Lastly, as we utilize standardized culturewares, petri-dish and wellplate, the platforms are compatible with conventional automated
equipment such as automated dispensers or automated imaging systems.
We believe overall improvement in production, usability, and
standardization will maximize the versatility of organ chips, which will
lead organ chips to success in the market, not just in the research stage.
In chapter 2, we introduce a fast multiscale microliquid-patterning
method on an open surface using embossed microstructures without
surface modification for the first CGP method. Arrays of micropillars can
trap microliquids when a bulk drop is swept by an elastic sweeper on
polystyrene (PS) substrates such as petri-dishes. In chapter 3, we present
a swift and robust hydrogel patterning technology, where preloaded
liquid in a microfluidic device is aspirated while leaving the only desired
section of liquid for the second CGP method. The device is designed such
that differing critical suction pressure conditions are established over the
interfaces of the loaded gel, which leads to controlled removal of the
liquid as negative gage pressure is applied.
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In chapter 4, we present a high-throughput 3D cytotoxicity assay
platform using the design introduced in the chapter 3. Rail-based
microfluidic design was integrated within a single 96-well and the wells
were rectangularly arrayed in 2 × 6 to enhance the experimental
throughput. The 3D cytotoxicity assay for cancer immunotherapy using
an injection molded plastic array culture (CACI-IMPACT) device can
assess killing abilities of cytotoxic lymphocytes in 3D microenvironment
through a spatiotemporal analysis of the lymphocytes and cancer cells
embedded in 3D extra cellular matrix (ECM).
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Chapter 2. Microstructure-guided multi-scale
liquid patterning on open surface

2.1. Introduction
Cell-based screening is an important aspect of research in a variety
of fields. Many miniaturized cell-based assays have been introduced
since the development of microliquid manipulation techniques. Robotic
printing of microdroplets enabled fabrication of cellular microarrays for
high-throughput screening of small molecules (32, 33), genomic libraries
(34-36) and have aided in the study of extra cellular matrices (ECM) to
cellular differentiation (37). Although cellular microarrays have reduced
the resource requirements of screening, this method is limited to
screening of adherent cells in a 2D environment, and requires
complicated

fabrication

processes.

Droplet

microfluidics-based

technologies seek to address the limitations of earlier 2D cellular
microarray techniques. Droplets containing cells are produced with ultrafast frequency up to kHz when cell suspension and oil meet at a Tjunction of a microfluidic channel. High-throughput screening (HTS)
utilizing encapsulated droplets are capable of both single cell based
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screening (38-40), and multi cellular spheroid screening (41, 42).
However, droplet encapsulation requires sophisticated instrumentation
to control the two immiscible liquids precisely. Moreover, additional
observation and control systems are required for the separation of
discrete droplets, and sample recovery from separated droplets is more
difficult due to rinsing steps (43, 44).
Recently, a one-step droplet patterning method, droplet array plate
was proposed for cell-based studies (45). Partition of hydrophobic and
hydrophilic surface regions induces separation of droplets from a bulk
drop. The droplet microarray device was applied to a study of cell-cell
interaction (46), 2D co-culture (47), and fabrication of cell-laden
hydrogel particles (48). Although these platforms are capable of quickly
and easily patterning droplets in a single step, the utilization of superhydrophobic and super-hydrophilic materials necessitates a more
difficult and expensive production process for the plate itself in
comparison to single substrate platform proposed here.
In this study, we introduce a new liquid-patterning method,
which utilizes simple micropatterned pillar arrays on a flat substrate. The
microstructures enhance shear force applied to a liquid drop. When
driven by an elastic sweeper, bulk liquids are trapped and retained as
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small droplets inside area cornered by microstructures. A succeed of
liquid patterning was determined by dimensionless parameters and they
were validated experimentally. The subsequently derived designs were
then applied to single cell screening and 3D co-culturing experiments.
This liquid patterning method is: (i) simple and fast, (ii) easily accessible
to sample, (iii) able to capture microliquids with high aspect ratios, and
(iv) adaptable to various wettability of substrates.

2.2. Materials and Methods
2.2.1. Fabrication of the microstructured PS surface
To fabricate microstructures on polystyrene surfaces,
solvent-assisted molding was used as shown in Figure 2.1 (49). A
negatively micropatterned polydimethylsiloxane (PDMS) mold
replica, fabricated with conventional soft lithography, was used as
a template. First, the solvent (AZ 1500 Thinner, AZ Electronic
Material, Germany) was applied to the micropatterned base of the
PDMS mold via immersion. The solvent-wetted PDMS mold was
then carefully applied to a PS substrate surface in a reverse peeling
motion. Once the solvent-wetted PDMS mold was applied to the
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PS surface, the assembly was placed on a 65℃ hotplate for 30
minutes to evaporate the volatile solvent and to cure the molded PS
substrate. At this time, the solvent on the PDMS mold surface
dissolved the PS surface and rearranged the dissolved PS solution
inside the micropatterned grooves of the mold. Upon evaporation,
the solvent deposited the dissolved PS in the shape of the negative
PDMS micropatterns, leaving a positively structured PS surface.
After curing, the PDMS mold is detached from the now embossed
substrate. For the cell culture, the newly patterned PS surface was
ventilated for three days in room conditions to remove any residual
solvent.
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Figure 2.1. (a) Schematic diagram of solvent-assisted molding. (b) A
petri-dish with microstructures molded via solvent-assisted molding.
Micropillars are molded with concentric doughnut-shapes on a
conventional 35 mm diameter petri-dish. In vitro blood vessel
vasculogenesis was demonstrated with this device.
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2.2.2. Single cell isolation and retrieval of single colony
A wild-type CC-124 strain and a mutant strain with the GFP
gene CC-4488 (D1blic::D1bLIC-GFP, Chlamydomonas center)
were prepared at a concentration of 0.7 x 106 cells/ml. The two cell
suspensions were mixed at a 1:1 ratio and the mixture was then
mixed with a 4% alginic acid sodium salt (Sigma) solution at a 1:1
ratio again. A cell suspension with a density of 0.35 x 106 cells/ml
in the 2% alginic acid sodium salt solution was formed as a result.
The cell suspension was patterned on an embossed dish for a singlecell analysis and polymerized with a 2% CaCl2 solution. After 10
seconds of polymerization, the solution was replaced with TAP
medium. The patterned cells were then cultured for two days.
For recovery of the colonies, the medium was drained and
2 ml of a 0.2 M EDTA solution was introduced above the patterned
alginate gel. After 10 seconds, the mixture of the degraded alginate
gel and the EDTA solution was retrieved with a micropipette and
applied onto an agar plate with a TAP+N medium. The colony was
cultured for seven days again to increase its population, and it was
genetically verified whether the strain was the mutant or the wild
type. The CrGFP plasmid, CC-4488 (D1blic::D1bLIC-GFP) strain
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and CC-124 (137c mt–) strain were from CC-124 (137c mt–)r, and
the genomic DNA of these strains was extracted by the traditional
PCI (Phenol : Chloroform : Isoamyl alcohol (25:24:1 v/v)) method.
Subsequently, 20 ng of each sample was amplified by i-Taq with
Maxime PCR PreMix Kits (iNtRON Biotechnology, Cat. No.:
25035) using 10 pmole of GFP gene-specific primer pairs, a
forward primer (5’-GACGGCAACTACAAGACCC-3’) and the
corresponding

reverse

primer

(5’-

TGTACACGTTGTGGGAGTTG-3’), with 40 cycles at 95℃ for
20 seconds, at 56℃ for 20 seconds, and at 68℃ for 25 seconds. The
PCR product of 148 nts was separated by 2.0% agarose gel
electrophoresis.

2.2.3. In vitro vasculogenesis
Human umbilical vein endothelial cells (HUVECs, Lonza)
were cultured in an endothelial growth medium (EGM-2, Lonza)
and passaged from 4 to 7. Normal human lung fibroblasts (LFs,
Lonza) were cultured in a fibroblast growth medium (FGM-2,
Lonza) and passaged from 6 to 9. All cell types were maintained at
37°C in 5% CO2 in a humidified incubator. The HUVECs and LFs
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were then detached from the culture dishes, centrifuged for two
minutes at 1100 rpm and suspended at a concentration of 6.67 x 106
cells/mL in EGM-2. Fibrinogen powder from bovine plasma
(F8630, Sigma-Aldrich) was dissolved in phosphate-buffered
saline (PBS, Hyclone) and with 0.45 U/ml of aprotinin (A1153,
Sigma-Aldrich) added to create a fibrinogen solution with a
concentration of 10 mg/ml. The prepared fibrinogen solution and
cell suspension were then mixed at a 1:3 ratio, finally creating
solutions of HUVECs and LFs with fibrinogen concentrations of
2.5 mg/ml and cell densities of 5 x 106 cells/ml. The mixture of
HUVECs was then mixed with thrombin at 50 U/ml (T4648,
Sigma-Aldrich) at a volume ratio of 50:1 and quickly dropped
uniformly on a patterned petri dish as soon as the mixing was done.
The mixture was gently swept with a PDMS block to ensure that
the gel solution was evenly dispersed and to have the pillar arrays
trap the gel with cells. After three minutes for the gel to be
polymerized, the mixture of LFs was introduced to fill the area
guided by the previously patterned gel. EGM-2 was applied to fill
the petri dish again after three minutes. The samples were cultured
in a humidified incubator at 37℃ with 5% CO2 for five days. The
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medium was replaced with fresh medium on the third day by gently
suctioning the old medium from the edge of the dish while not
touching the microstructures where the gel was trapped.

2.2.4. Visualization of in vitro blood vessel
After fixing the samples with 4% paraformaldehyde buffered in
PBS for 15 minutes, they were treated for 20 minutes with 0.15% Triton
X-100 (Sigma) for permeabilization and one hour with bovine serum
albumin (BSA, Sigma) to block nonspecific binding. To visualize the
blood vessel networks, the samples were incubated with a mouse
monoclonal antibody specific for human CD31 (AlexaFluor®488
conjugated, BioLegend) overnight at 4˚C. DNA was stained using
Hoechst 33342 (Molecular Probes) for one hour at room temperature.
For the z-projection of the 3D blood vessels, stained samples were
imaged with an Olympus FV1000 confocal microscope using a 10x
objective lenses. To display the vessel network patterned in large areas,
the images from each field of view were captured and stitched using
software.
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2.3. Results and Discussion
2.3.1. Liquid patterning process
Liquid patterning process can be divided into two steps,
infiltration and retention, as shown in Figure 2.2. First, liquid should
infiltrate into the area cornered by the pillars. Physical conditions to
determine whether infiltration would occur spontaneously on arrays of
micropillars were studied on the basis of thermodynamic arguments (50,
51). Theoretical studies of the dynamics of infiltration process were
reported (52, 53). If infiltration is not energetically favored, however, the
structure will pin the meniscus and form an air pocket as illustrated in
Figure 2.3a. Even in such a case, liquid can still be squeezed into the gap
by applying additional pressure. In this study, the additional pressure is
applied as a bulk liquid is swept by a PDMS block.
Retention corresponds to the separation of a targeted volume of
liquid from a bulk liquid. The shear force acting on the liquid by the
surrounding solid structures induces deformation and eventual
separation (54). The critical speed of separation is known to decrease by
using microstructures (55) and hydrophilic chemical treatments (45).
In this work, micropillars on PS plates formed by solvent-
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assisted microcontact molding enhance the shear force to break up the
liquid into tiny droplets. A minimal unit of the pattern is a 2X2
rectangular array of circular pillars. We sweep the liquid by moving the
substrate with a velocity of U=30 mm/s relative to an elastic sweeper,
using a prototype of automatic patterning system (Figure 2.4). We
investigate whether the patterning scheme works as geometric
parameters of the microstructures are changed: the height of pillars, ℎ,

ranges from 50 to 200 μm, and center-to-center distance, , ranges from
130 to 410 μm. In addition, we test with various liquids of different
viscosity, μ, and surface tension coefficient, γ. The physical properties of
the liquids with critical advancing and receding contact angles,
,

on

the

PS

plate

were

measured

with

and

Smartdrop

(FEMTOBIOMED.inc, Korea) as listed in Table 1.
We now consider the mechanical condition to cause infiltration
of the liquid into the area cornered by the four pillars of diameter, d=100
μm, as shown in Figure 2.3a. For the liquid to replace the air pocket, an
interface straddling the pillars spaced by

should meet the neighboring

interface. When the interfaces advancing into the empty area with the
advancing contact angle
to be

= 2 sin(

touch each other, the curvature is calculated

− /4)⁄ √2 −
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. Then the Laplace pressure of

the given configuration is given by γκ. The pressure of the liquid relative
to the atmospheric gas pressure, which is scaled as ~ /

with L being

the characteristic thickness of the bulk being swept, should be strong
enough to generated the foregoing Laplace pressure to enable the
merging of the interfaces. Therefore, the dimensionless parameter that
determines whether the liquid fills the area cornered by the pillars is
given by the ratio of the two relative pressures,

Π

~

/

√

and γκ:

(1)

This consideration only holds for the advancing contact angle
higher than 45°. Otherwise, the liquid spontaneously fills the volume
between the microstructures because of the concave curvature of liquidair interface. If the center-to-center distance between the pillars, , is
large, the liquid easily fills the patterning area. Our experimental results
with the thickness of bulk liquid fixed at

≈ 2.6 mm are plotted in

Figure 2.3b, which clearly shows that whether the infiltration succeeds
or fails is determined by the value of Π

.

To achieve successful retention, the bulk liquid should shed a

tiny droplet as retained by the pillars (Figure 2.3a). If the liquid that used
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to fill the patterning area is dragged with the bulk, the patterned area is
re-occupied by the air. Since the retention behavior is critically
dependent on whether the viscous shear force exerted by the sweeper
exceeds the capillary force that tends to keep the drop intact, we
introduce the ratio of the viscous force to capillary force, the Capillary
⁄ . The viscous force in the liquid consists of the

number, Ca =

forces acting at the bulk and near the contact line (56). For a liquid

trapped in the space cornered by the pillars with the aspect ratio
ℎ⁄( − ) ~1, the viscous force near the contact line dominates that in

the bulk (57). Integrating the shear stress in the wedge-shaped region
near the contact line with the receding contact angle
scaling estimate of the shear force as ~

( −

, we obtain the

+ 2ℎ) cot

. This

< 90∘ , which is the case for most surfaces

estimate is valid for

except for superhydrophobic ones. The capillary force that resists the
shearing is scale as

( − ). Therefore, the boundary whether the liquid

that has filled the patterning area would be retained is given by the ratio
of the foregoing forces:

Π

~ 1+

Ca cot
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(2)

Denser and higher pillars lead to higher Π

, which

facilitates the retention of the droplets in the patterned area. Figure 2.3b
shows that the experimental conditions having the value of Π

higher than a critical value lead to successful retention while those with
lower values fail.
We also verified the patterning regime with lower values of

surface tension and contact angle by mixing surfactant (TX 100) that
result in larger dimensionless numbers. As we expected, small droplets
were separated from bulk drop in all cases (Figure 2.5). However, the
microliquids were not pinned as the initial shape in higher density of
surfactant. This may allow the adjacent droplets to merge, but the
merging of droplets cannot happen in applications for cell-based assay
because the PS surface and water-based solutions have larger contact
angles and surface tension coefficients.
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Figure 2.2. Process of the microstructure-mediated liquid patterning on a
positively structured surface. A bulk drop, swept by an elastic sweeper, leaves
small droplets in the patterning area cornered by the microstructures. The liquid
patterning process consists of two steps: infiltration and retention. Scale bar:
200 μm.
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Figure 2.3. The effect of liquid properties and geometries to the liquid
patterning process. (a) A schematic demonstration of the success and failure of
the two patterning processes. (b) Results obtained from the dimensional
analysis are plotted on a graph with axes of dimensionless numbers. To succeed,
both of the dimensionless numbers Πinfiltration and Πretention must exceed the value
of the boundaries.

２６

Figure 2.4. A prototype of automatic sweeping system. The rubber roller
transports a micropatterned PS film under a fixed PDMS sweeper. This system
provides stable sweeping speed and uniform contact between the sweeper and
the film.
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Figure 2.5. Result of droplet patterning with liquids having various contact
angles on PS surfaces and surface tension coefficient. The droplets deform to
lower surface energy after retention. In the right figures, the patterning spots
are arrayed with spacing ranging from 300 μm to 1500 μm. Closely patterned
droplets merged when the liquid has low contact angle and surface tension
coefficient. Triton X 100 was added to dyed water as surfactant with volume
ratio of 0.008% and 0.02% for low and high concentration condition,
respectively. The height of pillars is 100 μm and scale bar is 2 mm.
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Surface
Liquid

tension
[mN/m]

Viscosity

Advancing/receding

[mPa∙s]

contact angle [°]

Water

72.9

0.853

92.8/72.9

50% aqueous glycerol solution

57.0

4.66

85.8/51.3

2% alginate solution

58.0

26.8

94.4/61.0

Fibrin gel pre-solution

57.2

1.33

91.4/37.2

Table 1. Physical properties of the liquids used in the experiments
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2.3.2. Comparison of microliquid trapping with a micropillar array
and microwells
Microwell devices are similar to micropillar arrays in that both
mechanisms utilize surface microstructures. Microwells are one of the
most widely used platforms for single cell studies such as selection of
hydrodoma (58), screening of circulating tumor cells (59), DNA damage
analysis (60), and genome sequencing of single cells (61). The popularity
of microwell devices is due to the compactness of the experimental
platform with thousands of trapping wells in a substrate no larger than a
glass microscope slide. Filling liquids in a microwell requires that the
free surface of the liquid makes contact with the bottom of the well
substrate, and failure to make contact results in a large rate of
unsuccessful capture. To mitigate patterning failures, many microwell
devices require hydrophilic surface treatment. In comparison,
micropillar arrays have more accessible faces for fluid entry, translating
to more opportunities for fluid capture. In this chapter, we will compare
the patterning efficiency of both structures through dimensional studies
and suggest suitable cases for each patterning method.
For a quantitative comparison of patterning with micropillar
arrays and microwells, we fabricated micropillar arrays and microwells
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to capture square-shaped liquids with side lengths, w, of 100, 300, and
500 µm, respectively. For pillar arrays, 100 µm by 100 µm square pillars
were arranged at center-to-center intervals of 200 µm, which was
confirmed to succeed the patterning in the previous section. Figure 2.6
shows the liquid patterning schemes on both structures and the results of
the patterning by changing the height of pillars and the depth of wells
from 10 µm to 200 µm. For the micropillar array, the patterning
efficiency increased as the height was increased while the efficiency on
the microwell decreased as the depth was increased.
The results show that micropillars are capable of capturing
microliquids at higher aspect ratios than microwells. However, the
positive pillar array requires long distance between each patterning area
to make the patterned liquid separated perfectly. Hence, microwell
devices can be used for the case that large number of samples, imaged in
a single focal plane, are required while micropillar array is suitable for
screening the development of cells in a 3D microenvironment as will be
further discussed in this paper.
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Figure 2.6. Comparison of the liquid-capturing efficiency between positive and
negative structures on PS substrates without hydrophilization. The blue dyed
water was swept over square pillar arrays whose center-tocenter gap is 200 μm
and over microwells whose one side length is 100 μm. Taller micropillars
increase the number of trapped droplets while deeper microwells decrease the
number. The graphs show the same tendency when the patterning area has
longer sides. Scale bar: 1 mm.
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2.3.3. Arrangement of micropillars for controlling volume and
shape of patterned liquids
The shape and volume of liquid can be controlled by arranging
pillars in patterned arrays as shown in Figure 2.7a-e. First, the height,
spacing, and number of pillars can be adjusted to control the volume of
the patterned liquid. By arranging pillars at a height of 100 µm on a 2X2
array at intervals of 100 µm, water droplets can be patterned with
approximate volumes of 5.5 nl. To pattern a larger volume, pillars are
placed in the boundary and added inside to guide liquids. Therefore,
liquids can be patterned on various scales from nanoliters to microliters.
Furthermore, the patterned shape of the liquid can be determined by the
arrangement of the pillars. Two rows of pillars were arranged in a curve,
and it was possible to trap liquids in the designed shapes on the surface.
In the case of patterning lquids in a pattern containing an acute angle,
there is potential for off target liquid trapping to occur on the interior of
the angle outside of the post boundaries due to the proximity of guiding
posts on either side of the patterning array. Such off target liquid
patterning can be avoided by incorporating a design which specifically
arranges the interior arrays outside of the patterned areas to have lower
values than the critical dimensionless numbers described in the chapter
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2.3.1.
The shape of the micropillars itself can also be designed to
control the patterning efficiency or the uniformity of patterned liquids. A
patterned

surface

with

arrays

comprising

of two

bilaterally

symmetrically facing “C” shape micropillars was compared to a surface
with cylindrical four pillar arrays. It was determined that patterned arrays
with a greater number of open faces, such as the 2X2 pillar configuration,
resulted in a higher fluid infiltration rate while arrays with a larger
contact area between captured liquids and the substrate, such as the C
shape arrangements, resulted in greater uniformity of the patterned fluids.
(Figure 2.7f) The method measuring volumes of the patterned liquids is
described in supplementary information.
Although the basic form of 2X2 pillar array showed volume
variation of 10% (CV%), the expanded forms (Figure 2.7b-d) showed
smaller variation (2-5%) because most of the variation comes from the
boundary of patterning area. As a whole, the proposed microstructure
guided patterning mechanism resulted in droplets with a variability of
volumes (<10%) comparable to other microfluid patterning techniques
at the nanoliter scale: droplet microfluidics (1-3%) (62), inkjet printing
(<3%) (63), electro wetting (12-17%) (64). Further improvements in
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droplet uniformity can be achieved by controlling for environmental
humidity and by refining the uniformity of the sweeping mechanism.
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Figure 2.7. Various multi-scale liquid patterns ranging from nanoliter to
microliter scale, formed on microstructure-embossed surfaces. (a–d) All pillars
have heights and diameters of 100 μm and scale bars represent 1 mm. The
approximate volume of each pattern is as follows: (a) 5.5 nl, (b) 140 nl, (c) 850
nl, and (d) 1.3 μl. (e) A 55 mm × 55 mm array of C-shaped pillars captured
approximately 8000 droplets within a second of sweeping. Scale bar: 500 μm
(magnified image), 2 mm (large area). (f) Effect of the geometry of the pillars
on the patterning quality. Facing C-shaped microstructures result in a lower
infiltration rate, while they enhance the uniformity of trapped liquids. The black
column is DI water and the grey column is DI water with Triton X 100 (0.008%,
v/v).
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2.3.4. Single Cell Culture & Recovery Platform
Along with the development of microfabrication methods, a
number of single-cell analysis platforms have been developed (65-67).
However, only a few platforms enabled both of spatiotemporal analysis
and retrieval of a specific cell from the isolated samples. Infrared laser
mediated release of single cells trapped in microwells was introduced
(68). A separate microchannel based device integrating single particle
trap and its release using bubbles generated by IR laser was also
developed (69, 70). These platforms require perfect alignment between
the device and the laser system, and the heat generated by the laser can
lower the viability of handled cells. Dielectrophoretic (DEP) force
mediated single cell trap methods can capture single cells with a high
success rate, but they require a complex and expensive multilayered chip
with integrated electrodes and off chip circuitry (71, 72). Recently, a
microfluidic chip for single-cell trap and selective release using pressure
actuated microfluidic OR logic gate was proposed (73). Although this
platform had high efficiency of extraction, sophisticated controls were
necessary for the OR logic gate and backflow. In this chapter, we are
introducing a simple single cell analysis platform on which single cells
can be patterned, cultured, and retrieved without cross-contamination
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between nearby colonies.
We used 2X2 rectangular arrays of circular pillars (d= 100 µm,
l= 200 µm, and h= 100 µm). An array of trapping spots was molded on
a petri dish with a diameter of 60 mm. Each patterning spot has a
coordinate and an indicator to enable efficient screening and recovery.
Alginate gel containing microalgae was patterned through a simple
sweeping motion as described in the experimental section. After two
days of cultivation, single colonies grown from a single microalga was
retrieved, following the process of Figure 2.8a. We experimentally found
the cell concentration in alginic acid solution that maximizes the portion
of patterned spots having single cells. Figure 2.8b shows the distribution
of cells in trapping spots according to the cell density. The portion of
spots with a single cell was maximized at 32.8% when the density was
0.35 x 106 cells/ml. After two days of cultivation, the single cells grew
to form colonies with a top view area of 1.31 x 10-3 mm2 on average (n=7)
(Figure 2.8c). To demonstrate the retrieval of a single colony, we
patterned two types of microalgae: CC-4488, a mutant strain with green
fluorescence and CC-124, a wild type. The coordinates of patterning
spots possessing a single cell were recorded, and after two days, cell
types were distinguished according to the presence of green fluorescence
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(Figure 2.8d). Using an EDTA solution to dissolve the alginate gel, we
retrieved the single colonies of both CC-124 and CC-4488 with a
micropipette and the naked eye with the help of the coordinates and
indicators. To verify the absence of cross-contamination during retrieval
process, a genetic analysis was conducted. The extracted colonies were
cultured on agar plates with the TAP+N medium for one week to obtain
sufficient populations for gene amplification. Through GFP gene
amplification and electrophoresis, as shown in Figure 2.8e, the GFP gene
was not found in the sample without green fluorescence. This means that
this patterning platform can isolate only one cell from a sample mixed
with various strains and provide a chance to retrieve colonies consisting
of a single strain.
Even though the maximized single cell throughput of this
platform is smaller than that of other platforms using external forces, on
the scale of single cells, the throughput of this platform (32.8%) was
similar to those of other platforms following Poisson statistics: Droplet
microfluidics (<36%) (74), microwells (32%) (75), and oil-covered cell
array (32%) (76). The density of the patterning area is limited due to the
positive pillar array, however, the device can be easily and cheaply
fabricated with more patterning areas in a larger PS substrate using one
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step of solvent molding or injection molding. We expect to obtain
thousands of single cell samples in a device whose price is just one dollar.
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Figure 2.8. Single-cell patterning and retrieval platform. (a) The schematic
process of retrieval of a single colony. The platform contains x- and ycoordinates and position indicators to provide precise positions of samples. C.
reinhardtii samples embedded in alginate gel were cultured for two days, and
the samples of interest were retrieved by gel dissolution using an EDTA
solution by simple pipetting. (b) Distribution of captured cells in a single
patterning spot according to various cell concentrations. (c) Microscopic
images of single microalgae samples captured in single patterning areas (red:
autofluorescence of a chloroplast, scale bar: 200 μm). (d) Fluorescence images
of the wild-type (CC-124) and mutant strains (CC-4488) after two days of
cultivation (scale bar: 100 μm). (e) Verification of the absence of crosscontamination during the retrieval process through gene amplification and
electrophoresis. The arrow indicates a GFP gene with a length of 148 bp.
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2.3.5.

Sequential

patterning

for

co-culture

in

3D

microenvironment
In our body, cells lie in cellular microenvironment composed of
multiple cell types, extracellular matrix (ECM), and soluble factors. To
understand the interactions between the composition, there have been a
number of trials to control the cellular microenvironment (77-79).
Spatially defined co-culture platforms using soft lithograph (80-82),
negative dielectrophoresis (n-DEP) (83), and selective cell adhesion to
ECM (84) were introduced, however, they remained in 2D culture or
monolayer culture on ECM. Recently, as the importance of 3D
microenvironment is emphasized in in vitro cell culture (85), 3D coculture platforms were also developed such as microfluidic chip enabling
hydrogel confinement (86) and hydrogel directed assembly (87). The
microfluidic chip for 3D co-culture successfully patterns hydrogels with
different type of cells, respectively, but further studies by retrieving the
cells are challenging. The hydrogel assembly is soaked in medium so that
it is difficult to observe a target assembly and two times of UV exposure
for aggregation lower the cell viability. In this chapter, we are
introducing a 3D co-culture platform on open surface.
Owing to the open surface, a shell-shaped liquid is patternable,
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which was impossible in our previous research, microstructure mediated
liquid patterning in microchannels (88). Figure 2.9 shows schematic
process of sequential patterning using a shell-shaped liquid pattern.
Pillars are arrayed to form two doughnut-shaped patterns when the liquid
is swept over structures. By patterning the doughnut-shaped areas with a
hydrogel, the inner area becomes another patterning area guided by walls
of hydrogel. We demonstrated the reconstitution of an in vitro vascular
network on a designed surface. Fibrinogen solutions with HUVECs was
swept first to divide the inner areas into two loading zones. The core was
filled with acellular fibrin matrix so that the vasculature, developed from
the ECs in the inner doughnut-shaped area, can sprout into the core. The
other space guided by the two fibrin walls was filled with fibrin matrix
containing LFs. After five days of cultivation, the HUVECs grew,
forming vascular networks with the designed shape.
This 3D microenvironment with high aspect ratio provides
enough space for ECs to grow into tubular vessel network. This spatial
patterning of ECs and stromal cells enables self-formation of 3D vessel
network, which is difficult to accomplish in 2D platforms. Furthermore,
the vessel network was formed on an open surface in contrast to on-chip
vasculogenesis.55 Thus, it is expected to enhance accessibility to samples
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for further biomolecular analyses, such as western blotting. We also
expect this multi-layer patterning tool can also be used for a cancer
angiogenesis platform if adding cancer cells in fibrin matrix loaded in
the core.
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Figure 2.9. In vitro model of vasculogenesis. Endothelial cells (ECs) and lung
fibroblasts (LFs) mixed with fibrinogen solution were patterned sequentially.
A fibrin matrix containing ECs was initially trapped in two doughnut-shaped
regions through a single sweeping motion and a fibrin matrix containing LFs
was loaded into the area between the formerly patterned hydrogels. Acellular
fibrinogen solution was loaded into the core region. The ECs formed vessel
networks after five days of culture. Scale bar: 2 mm (left), 300 μm (right).
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2.4. Conclusions
In summary, we have developed a novel liquid-patterning
technique using a simple sweeping motion over a microstructured PS
substrate. When the microstructures are strategically positioned on a flat
substrate, a swept bulk drop over the surface leaves small droplets inside
the areas cornered by the microstructures. Due to the niches between the
structures, liquid can infiltrate into the structures with high aspect ratios
without surface modifications. We demonstrated a single-cell screening
platform and a 3D co-culture platform with capabilities of controlling the
shape and volume of patterned liquids. This multi-scale liquid-patterning
technique can be used for cell-based high-throughput screening and for
other biological experiments.

４６

Chapter 3. Aspiration-mediated microliquid
patterning using rail-based open microfluidics

3.1. Introduction
Proper understanding of interactions between various cell types is
essential in tissue engineering and design of in vitro organ models (77,
89). Microfluidic co-culture platforms embedding multiple cell types
suspended in hydrogels can recapitulate specific organ functions and
thus provide insights into complex physiological systems (90, 91).
Microstructures within these platforms facilitate the arrangement of cells
into physiologically relevant layouts (92). For example, porous
membranes may provide permeable scaffolding to reconstitute cellular
interfaces, such as the alveolar-capillary interface and the gut
microenvironment (8, 11). Micropillars or bumps can mediate meniscuspinning for precisely segregating co-cultures in hydrogels to model
vasculature (93), blood-brain-barrier (94, 95), tumor extravasation
dynamics (96), and glomerular filtration barrier (20). Ease of studying
responses to mechanical and chemical stimuli using various laboratory
imaging instruments complement the broad application space of these
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culture systems.
Selective patterning of cell-loaded hydrogels commonly guides the
gel into the desired area either by confining with surrounding pillar
structures (8, 11, 20, 93-96) or by spontaneous capillary wicking in
wettable channels (26, 97-102). The hydrogel loading guided by
surrounding microstructures and wettability patterns fails when the
hydrogel pressure exceeds a limit, or capillary-bursting pressure, causing
the gel to invade the undesired region (9, 23). Thus, a great care should
be taken to limit the injection pressure, resulting in yield variation
depending on the operator’s pipetting skill and low throughput
associated with short available time of hydrogel precursor (21).
Furthermore, the complex microscale features of such devices, achieved
typically through soft lithography, preclude application of scalable
manufacturing processes like injection molding (21, 22). Open
microfluidic devices that utilize spontaneous capillary flow along rail
structures present an alternative avenue for gel patterning without relying
on the capillary-burst valve (26, 97-102). Here, rails denote long
hydrophilic plates between which liquids are confined owing to capillary
forces, while the side areas are exposed to surrounding fluids (101). In
general, the air-liquid interfaces in rail-based microfluidics are highly
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sensitive to the volume of liquid dispensed, thus making it difficult to
accurately locate boundaries of patterned cell-laden hydrogels (102).
We here introduce a novel hydrogel micropatterning technology,
which yields agile, easy and accurate formation of hydrogel patterns with
only a simple pipetting activity, aspiration. The scheme relies on the
capillary holding capacity of rail-based microstructures against
aspiration upon their geometry, which can be tailored to leave hydrogel
precisely in desired location. Although delineated below in detail, the
working principle is based on the dynamic characteristics of a solidliquid-gas contact line that it starts to recede when the local contact angle
gets smaller than the critical receding angle. By defining where the
recession starts and stop with geometric parameters like aspiration port
diameter and rail height, we can selectively remove hydrogel from
undesired regions. Experiments using simplified structures confirm
theoretical design rules. Proper design provides control over the
sequence of microchannel formation, which enables the formation of
multiple discrete channels with a single aspiration. A proof-of-concept
device featuring four microchannels separated by hydrogel structures is
shown to be able to co-culture five distinct cell types. Our rail-based
open microfluidic devices are amenable to fabrication by injection
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molding, thereby suggesting their great potential as an easy-to-use coculture platform with low cost and high manufacturing scalability.

3.2. Materials and Methods
3.2.1. Fabrication of open microfluidic devices
Digital light projector (DLP) 3D Printing (perfactory mini 4,
EnvisionTEC) produced the bodies of open microfluidic devices with a
photo curable resin (PIC100, EnvisionTEC). Rinsing with isopropyl
alcohol in an ultrasonic cleaner for 15 min followed by curing ultraviolet
curing (1500 W, 2 min) thoroughly solidified the printed pieces. Vapor
deposition of parylene (LAVIDA, Femto science) onto the 3D printed
parts ensured device biocompatibility. Attaching the bottom side of the
printed part to a pressure sensitive adhesive (PSA) film completed the
open microfluidic devices. Air plasma treatment of the device (70 W, 3
min) prior to fluid injection imparted hydrophilicity to the device surface
for facilitating patterning of fluids under rail structures.

3.2.2. Cell culture
Cell culture experiments utilized human umbilical vein endothelial
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cells (HUVEC, Lonza) cultured to passages between 4 and 7 in
endothelial growth medium (EGM-2, Lonza), and normal human lung
fibroblasts (LF, Lonza) cultured up to passage 7 in fibroblast growth
medium (FGM-2, Lonza). CCD-18Co, HepG2, U87MG and H1299 cells
were cultured in RPMI 1640 (Thermo Fisher) supplemented with 10%
of FBS, penicillin (100U/ml) and streptomycin (100U/ml). 0.25%
trypsin–EDTA (HyClone) facilitated detachment of cultured cells from
the culture dishes. Re-suspension with appropriate amounts of culture
medium provided target cell densities before mixing the cell suspension
with bovine fibrinogen solutions in ratios of 3:1.

3.2.3. Hydrogel micropatterning
3D printed rail structures consisted of HRs surrounded by LRs. HRs
housed holes that served as ports for injection of fluids and air infiltration.
Injection of fluid via a micropipette through a port in the HR and
immediate aspiration generated micropatterned fluid under LRs.
Subsequent cross-linking of the solution resulted in patterned hydrogels
and adjacent microchannels. Visualization of the patterns employed a
solution of bovine fibrinogen (5 mg/ml, Sigma) dissolved in water and
mixed with green food dye. Mixing with 25 U/ml of thrombin (Sigma)
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solution in a 30:1 ratio (v/v) at room temperature began the
polymerization reaction of fibrinogen to fibrin. Exposing the loaded
device to ambient conditions for 5 min resulted in fully crosslinked green
dyed fibrin gel.
For microfluidic co-cultures, fibrinogen solution (10 mg/ml) mixed
with cell suspension in ratios of 1:3 (v/v) yielded cellular gels with a final
fibrinogen concentration of 2.5 mg/ml. Mixing with thrombin solution
(25 U/ml) in a 50:1 ratio immediately before injection into the fluid ports
began the polymerization reaction. Immediate patterning and incubation
in a cell incubator (37°C, 5% of CO2, 3 min) resulted in fully crosslinked
fibrin gel encapsulating cells. Culture of the cellular gels involved adding
EGM-2 into each well of the device, followed by incubation for five days
with media changes every two days.

3.2.4. Image analysis
A digital microscope (AM4115TW, Dino-Lite) captured time-lapse
images of microchannel formation and images of various microchannel
designs. Image analysis using ImageJ of 3D printed bodies provided
measured diameters of fluid ports. Labeling of HUVECs with a mouse
monoclonal antibody specific for human CD31 (AlexaFluor®488
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conjugated, BioLegend) following supplier’s instruction allowed
comparison of vasculogenic capacities of various cell types. Confocal
microscopy (A1, Nikon) imaged labeled samples through optical zsectioning (100 and 5 μm in depth and interval, respectively). Image
analysis for vascularized area measurement utilized Z-projection and
conversion to binary images using auto threshold in Fiji following the
“Li” method.

3.3. Results
3.3.1. Microstructures for aspiration-mediated patterning
Our rail-based open microfluidic platform consists of a 3D printed
structure of photo curable resin having rails of different heights to retain
liquid with different strengths and surrounding walls, which is bonded to
an underlying pressure sensitive adhesive (PSA) film (Figure 3.1a). The
length of the rail, l, is 5 mm, and the width of low and high rail,

and

, is uniformly 1 mm. The heights of low and high rails are respectively
h=100 mm and H=300 mm. Two through-holes at the ends of a high rail
function as fluid ports for liquid injection and aspiration. Air plasma
treatment activates the surface of the device by increasing hydrophilicity.
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Figure 3.1b illustrates the basic working principle of the novel patterning
process of hydrogel, which allows us to form hollow microchannels
surrounded by precisely defined hydrogel patterns. We first inject a
hydrogel precursor solution through one of the fluid ports, which fills the
area under all rails and runs along the corner of the wells (the second
column of Figure 3.1b). Upon aspiring through the open port, the liquid
is sucked into the pipette only from the region below high rail, while the
low rail strongly retains the liquid (the third column of Figure 3.1b). The
result is the hollow microchannel defined by the empty region under the
high rail with the hydrogel remained pinned by the low rail (the fourth
column of Figure 3.1c). In the following, we delineate the physical
principle behind this selective removal and controlled pinning of
hydrogel patterns, which leads to various hygrogel-based channel
structures and facile fabrication of cell co-culture systems.
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Figure 3.1. (a) Schematic exploded view of a rail-based open microfluidic
device, which is designed to yield a single channel beneath the high rail. (b)
Illustration of steps in the aspiration-mediated microchannel formation process.
The bottom row features optical images taken through the clear PSA film from
the underside of the device during filling and aspirating green dyed water.
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3.3.2. Theoretical analysis of microchannel formation
As the pressure at an open port is lowered by aspiration with a
micropipette, the interior pressure of the hydrogel is also lowered. The
Young-Laplace equation states that the liquid-gas interface of the
hydrogel originally filling the gaps caves inward, Figure 3.2, due to the
pressure difference between the atmosphere (
∆p =

−

) and the liquid ( ):

= γκ, where γ is the gas-liquid interfacial tension and κ

is the interface curvature. The contact line where the gas-liquid interface
meets the solid surface is initially immobile while resisting the pulling
force because it can recede only when the contact angle is reduced below
the critical receding contact angle,
that

,

,

(103). We experimentally found

is nearly zero for hydrogel on the hydrophilized 3D printed

part of resin and PSA film surfaces. The patterning of hydrogel that
originally fills the gaps under both high rails (HRs) and low rails (LRs)
critically depends on where the interface starts to recede first by reaching
,

.
For the initially hydrogel-loaded configuration, the liquid-gas

interfaces arise at the open port and the side areas of liquid beneath LRs.
For the open port of diameter D, the maximum pressure difference that
the interface can withstand before the contact angle on the inner wall of
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HRs reaches zero, ∆ , corresponds to the pressure difference for a
hemispherical interface with the maximum curvature of 4/ : ∆

=

4 / . The capillary pressure at the interface beneath LRs is given by

∆ = γ(2 cos /ℎ + 1/ ), where

is the instantaneous contact angle of

is the radius of curvature on a plane parallel to the

liquid, and

substrate. As

is scaled as , the length of rails, we get ℎ ≪ , which

allows us to estimate the maximum pressure difference for the side area
below LRs as ∆
If ∆

= 2 /ℎ.

< ∆ , the critical liquid pressure for interface recession is

reached at the open port before the side area. Once burst at the open port,
the interface spontaneously bulges accompanying the decrease of
interface curvature to meet the bottom substrate. Then the interface
curvature is newly defined by the height (H) and width (wH) of HR. The

critical capillary pressure that can induce interface recession beneath
HRs is given by ∆

= 2γ(1/

+ 1/ ) . If ∆

>∆

, the liquid

pressure is already low enough to ensure continuous recession of the

liquid beneath HR. If ∆

<∆

<∆

, further decrease of the liquid

pressure upon bursting of the open port can cause the liquid to recede
along a lane beneath HR. The liquid will stop upon bursting at the open
port and recede beneath LRs, rather than HRs, if ∆
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>∆ .

Figure 3.3 displays the experimental results of hydrogel patterning
for different geometries of microdevices. In the left column, ∆

greater than both ∆

and ∆

is

, and thus the interface recession occurs

from the open port, continues beneath HR, to result in a straight empty

lane flanked by the hydrogel beneath LR. In the middle column, the side
areas beneath LRs burst before the open port because ∆
right column, the open port bursts first because ∆

< ∆ . In the

> ∆ , but further

decrease of the liquid pressure bursts the side areas beneath LRs before
the interface from the open port starts to recede beneath HR.
Figure 3.4 displays the experimental results of microchannel
formation as a function of the geometry of device, such as the port
diameter and the heights of low and high rails. In Figure 3.4a, we can
predict where the interface recession onsets upon aspiration, whose
criterion is given by ∆

= ∆ , or

= 2ℎ . For

> 2ℎ, we get ∆

>

∆ , and thus the port bursts first, leading to successful channel formation

in the beginning. Otherwise, the interface moves at the side area of LR
before at the port, preventing the formation of the microchannel under

HR. Figure 3.4b gives the condition of the height of HR to ensure that
the interface formed from the open port keeps receding while the
interface beneath LR remains pinned. The corresponding boundary is
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given by ∆
∆

>∆

=∆

, or

= ℎ/(1 − ℎ) . For

> ℎ/(1 − ℎ) , we get

, leading to continuous recession of the interface from the

open port. Otherwise, the interface under LR starts to recede, eventually
merging with the interface originated from the open port. We see that our
experimental results agree well with the theoretical predictions in Figure
3.4.
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Figure 3.2. Schematic diagrams indicating key device dimensions and the
Laplace pressures of menisci (a) immediately after aspiration, (b) as the port
interface deforms, and (c) as the receding interface travels along HR.
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Figure 3.3. Meniscus dynamics during aspiration under three different
combinations of critical capillary pressures. The dimensions of the structures
are such that [H, h, D]=[300, 100, 300] μm, (Left column), [300, 200, 300] μm
(middle column), [200, 175, 500] μm (Right column). Lengths and widths of
all rails are fixed as 5 and 1 mm, respectively.
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Figure 3.4. (a) Plots of the effects of port diameter and LR height on bursting
at the open port. (b) Plots of the effects of HR height and LR height on
formation of microchannel. Shaded regions demarcate dimensions suitable
(green) and unsuitable (red) for microchannel formation based on the
theoretical calculations. Markers indicate successful (green) and unsuccessful
(red) microchannel formation in experiments. Lengths and widths of all rails
are fixed as 5 and 1 mm, respectively.
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3.3.3. Formation of multiple discrete microchannels
Studies of fluid dynamics under the basic rail structure verify that
the air-liquid interface with the smallest critical capillary pressure tends
to move first along the rail. Leveraging this phenomenon can provide
control over the sequential formation of discrete microchannels with a
single aspiration. Figure 3.5 and 3.6 exemplify multiple channel
formation using various critical capillary pressures at air-liquid interface
pinned at holes. In this device, a rectangular LR, 75 μm from the
underlying PSA film surrounds ‘S’, ‘N’, and ‘U’ shaped HRs, 300 μm
apart from PSA. The diameter of fluid ports decreases in the order of S1
to U1 as listed in the table in Figure 3.5 while U2 has the largest port
diameter. When aspirating dyed water filling under the rail structure from
the port labeled ‘U2’, the air-liquid interface at the largest opposing port
(S1) begins traveling along the rail to form an ‘S’ shaped microchannel
(the second panel of Figure 3.3b). As the suction continues at U2, the airliquid interface at the next largest port (N1) now begins to recede (the
third panel of Figure 3.3b). Consequently, microchannels with shapes of
‘S’, ‘N’, and ‘U’ form via a single aspiration process through one port as
shown in Figure 3.5.
During multiple channel formation, differences in port diameter
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within the same channel lead to orderly movement of the air-liquid
interface. If ports of the same diameters are employed, air can infiltrate
into the channel through the identical ports simultaneously, to form a thin
film of liquid between the infiltrating air from the two ports, as shown in
Figure 3.7. Breaking the thin film to form a continuous microchannel
requires additional pressure drop since foam films have larger Laplace
pressures than droplets of equal curvature, owing to the presence of two
air-liquid interfaces (103). In the video, a continuous microchannel
forms in the top right HR because it contains the port of aspiration, and
thus only a single port for air infiltration. In contrast, a similar device
employing asymmetrical port sizes in each HR exhibits unidirectional
movement of air-liquid interfaces beneath HRs as shown in Figure 3.8.
This unique liquid patterning technique enables versatile rendering
of microchannel in hydrogels. Figure 3.9a and b show devices with
multiple hydrogel channels arranged in parallel lines and a lattice of
squares, respectively. Figure 3.9c and d respectively highlight the ability
of our scheme to generate a single circular and two concentric channels.
We note that the circular designs can facilitate investigation of radial
interaction between patterned cells as described earlier (104).
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Figure 3.5. An open microfluidic model for rendering multiple discrete
microchannels using different port sizes. An image of the underside of a device
with three HRs in the shapes of ‘S’, ‘N’, and ‘U’, surrounded by a rectangular
LR (scale bar: 2 mm). Loading and aspiration occur through port U2. Opposing
port sizes decrease from S1 to U1 as indicated in the bottom table.
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Figure 3.6. Sequential snapshots (top to bottom) viewed from the bottom of the
device during aspiration. Air-liquid interfaces preferentially advance from the
largest port to the smallest port. Red arrows indicate the aspirating port, U2.
(Scale bar: 2 mm)
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Figure 3.7. Sequential snapshots viewed from the bottom of a square-shaped
device during aspiration. Air-liquid interfaces at both holes connected with a
single channel burst into the area under HRs due to the identical hole size,
resulting in thin film formation of liquid. Arrows indicate the thin film of liquid.
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Figure 3.8. Sequential snapshots viewed from the bottom of a square-shaped
device during aspiration. Air-liquid interfaces pinned at larger holes burst into
the area under HRs, resulting in unidirectional movement of interfaces,
resulting in formation of four channels.
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Figure 3.9. Bottom view images of devices with multiple green hydrogel
channels organized into (a) parallel lines, (b) a square lattice, (c) a circle, and
(d) concentric circles. Scale bar, 2 mm.
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3.3.4. An application for screening vasculogenic capacities
Modification of the device in Figure 3.9b provides a platform
for convenient and effective comparison of paracrine signaling induced
by co-culture of five cell types. Here, the microfluidic device contains
four linear HRs surrounded by a square LR (Figure 3.10a and b). Four
support structures suspend the rail structures by connecting them to the
well walls, which form growth medium reservoirs when bonded to a PSA
film. Patterning of a fibrin hydrogel (2.5 mg/ml) containing a mixture of
human umbilical vein endothelial cells (HUVEC, 4 x 106 cells/ml) and
lung fibroblasts (LFs, 1 x 106 cells/ml) under the LR, and subsequent
seeding of gels containing different cell types into the rendered
microchannels establishes the basic experimental setup. The present
studies involve eleven devices with channels containing different
combinations of LFs, colon fibroblast cell line (CCD-18Co), liver cancer
cell line (HepG2), glioblastoma cell line (U87MG), and lung carcinoma
cell line (H1299). All gels contain cell concentrations of 5 x 106 cells/ml
except for an acellular fibrin gel as a control. Figure 3.11a presents a
confocal image of an exemplary device taken after 5 days of cultivation.
Regions of interest (ROI) measuring 1 x 1.8 mm2 in area, which is
located around each HR, encompass the interfaces between the HUVEC-
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LF gel and the gels containing cells of interest. Analysis of z-projected
confocal images yield quantification of the vasculogenic capacities of
the cells of interest (Figure 3.11 and 3.12). In alignment with previous
studies (93, 100, 105), LFs vigorously promote formation of vasculature.
Furthermore, acellular gels and gels containing LFs exhibit angiogenic
sprouting into the channels. On the other hand, U87MG and H1299 gels
inhibit the growth of surrounding vessels and do not provoke cancer
angiogenesis. Gels containing CCD-18Co and HepG2 show no
significant difference in vasculogenic capacity compared against the
acellular matrix. The results of these tests corroborate the ability of the
platform for screening candidates for cancer angiogenesis in vitro.
Furthermore, the versatility of the channel rendering method supports
facile device adaptation to study a broad range of paracrine signaling
cues in various conformations.
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Figure 3.10. An open microfluidic design of multiple channel rendering for
screening vasculogenic capacities of multiple cell types. (a) Bottom view image
of microfluidic device with four channels and a square shaped LR. (b)
Illustration of device dimensions.
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Figure 3.11. Confocal fluorescence images of the vasculogenic co-culture
model showing CD31 labeled HUVECs with green fluorescence. (a) A confocal
image displaying vessel network under the whole culturing area under rail
structure. Red dashed box delineates an example region of interest (ROI). (b)
Representative confocal micrographs of ROIs in channels containing different
cell types. Scale bar, 300 μm.
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Figure 3.12. Plot of vascularized area within the ROIs for each cell line.
Statistical significances (*p < 0.05 , **p < 0.01, and ***p < 0.001) result from
unpaired two-tailed Student’s t-tests for comparison with the ‘Gel only’
condition.
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3.4. Conclusions
The reported hydrogel patterning method based on interfacial
capillary dynamics and associated device design strategies form the
foundation of a new class of aspiration-mediated open microfluidic
devices featuring versatile designs and simple operation. The rail
structures in these devices, composed of different heights of rails with
embedded fluid ports, embody varying critical capillary pressures at each
air-liquid interface. Systematic studies corroborated by theoretical
models reveal fundamental design rules based on the relationships
between geometric parameters of these structures and the capillary
pressures. Leveraging these insights serves the development of devices
where aspiration selectively removes injected hydrogel precursor
beneath high rails to leave behind precisely rendered microchannels.
Furthermore, this concept extends to the generation of multiple discrete
channels via aspiration from a single fluid port, enabling a wide range of
patterning designs with simple fabrication. A demonstrated highthroughput co-culture model for assessing vasculogenic capacities of
multiple cell types highlights the practical applications of the multiple
channel formation method.
These rail-based microfluidic devices allow simple and robust
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patterning based on aspiration, dramatically enhancing experimental
throughput and mitigating users’ error faced by conventional approaches.
When using hydrogel as ECM, simplified patterning process increases
the number of samples obtained from a single mixture of hydrogel
precursor during cross-linking. The shortened patterning time can also
enhance uniformity in properties of hydrogels between samples.
Furthermore, the simple geometries of the rail structure are compatible
with scalable manufacturing techniques such as injection molding. The
enhanced experimental throughput and productivity offered by the
outlined strategies can contribute to new high-throughput screening
models and accelerate commercialization of microfluidic cell culture
models.
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Chapter 4. High-throughput microfluidic 3D
cytotoxicity assay for cancer immunotherapy
4.1. Introduction
Adoptive transfer of ex vivo cultured/engineered cytotoxic
lymphocytes (CLs) is arising as a promising approach to treat cancers
(106). In particular, T cells expressing chimeric antigen receptor (or
CAR-T cells) have been extremely successful in the treatment of CD19
expressing leukemia and lymphoma (107-109). The success has led to
FDA approval of two CAR-T cell-based therapies, Kymriah (Novartis)
and Yescarta (Gilead), and new CAR engineering strategies have been
studied to improve the performance, reduce toxicity, and broaden
applications of CAR-T therapy (110, 111). In addition, NK cells and γδ
T cells, which exhibit low cytotoxicity and minimum graft-versus-host
disease in allogeneic transfer compared with T cells, have been
developed as alternatives of CAR-T cells as an off-the-shelf therapeutics.
(112, 113) In spite of these efforts, the performance of adoptive
transferred CLs against solid tumors is still limited due to complex tumor
microenvironment (TME) that limit trafficking and effector functions of
CLs

(114,

115).

In

addition

to
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highly

immuno-suppressive

microenvironments caused by acidic and hypoxic conditions and
enrichment of suppressive cells (116-118), fibrotic tumor stroma is an
important factor limiting successes of cancer immunotherapy by acting
as a physical barrier for CLs to access tumor cells (119, 120). Therefore,
various factors comprising TME need to be considered for the
development of engineered CLs for solid tumors.
Cytotoxicity assay measuring killing ability of CLs is one of the
most critical assays for the development of CLs for cancer
immunotherapy. Chromium or calcein release assay based on the
measurement of released radioactive

51

Cr or fluorescence calcein from

lysed cancer cells has been a standard method for assessing cell-mediated
cytotoxicity (121, 122). These methods have been widely used because
cytotoxicity can be assessed simply by co-culturing CLs with tumor cells
loaded with 51Cr or calcein. In addition, these assays are compatible with
96 well formats, thus can be performed in high-throughput fashions.
However, in these assays, tumor cells are either adhered on flat surfaces
or suspended in medium, thus complex TME in solid tumors limiting CL
activity are lacking.
Microfluidic-based platforms, which allow the reconstitution of
complex 3D microenvironments of human tissues in in vitro by
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compartmentalization of multiple cell types, applying chemical and
mechanical stimulations, and controlling chemical gradient (123), can be
a powerful method for the assessment of lymphocyte cytotoxicity for
solid tumors (124). Recently, microfluidic chips based on poly(dimethyl
siloxane) (PDMS), a common material for microfluidics, were
developed as preclinical models to evaluate antitumor activities of
engineered T cells expressing T cell receptors specific for tumor antigens
(or TCR-T cells) (125, 126) or engineered NK cells expressing Fc
receptors (127) in 3D microenvironments recapitulating various aspects
of TME. Specifically, microfluidic chips compartmentalized with 3D
ECM gels containing tumor cells and TCR-T cell loading zones were
used to assess the roles of hypoxia, inflammatory cytokines,
immunosuppressive conditions induced by mTOR inhibitors, and
monocytes on the cytotoxicity of TCR-T cells (125, 126), and
microchips filled with ECM gels containing tumor cell spheroids and
perfusable tubular vasculatures were used to recapitulate TME for NK
cell trafficking toward solid tumors and to test combination of immunostimulatory biologics with NK cell therapy (127). However, the devices
aforementioned requires labor and time intensive batch fabrication
processes because the device was made of PDMS (128).
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In this study, we introduce a 3D cytotoxicity assay using an
injection molded plastic array culture (CACI-IMPACT) platform with
which we can monitor both migration and cytotoxic activity of CLs in
3D microenvironment, by customizing our previous IMPACT device
(99). We adopted extracellular matrix (ECM), which is a basic
component of TME and did not exist in the standard protocols of
cytotoxicity assays. ECM acted as physical barrier to restrict CLs from
access cancer cells embedded in it. The limited accessibility resulted in
low cytotoxicity compared with 2D assay. In addition, fibrotic ECM of
TME was reconstituted by using denser collagen which lowered
migration and cytotoxicity in observation of large area, but induced
faster lysis process than sparser ECM. Furthermore, we improved the
assay throughput compared with PDMS devices due to enhanced
productivity oriented by changing material and usability mediated by
rail-based microstructures. This model allowed us to test the effect of the
physical properties of the 3D microenvironment on cytotoxic activity
and we expect that this model can be used for high-throughput screening
platform for estimating the efficacy of engineered lymphocytes in more
in vivo like environment than conventional assays.
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4.2. Materials and Methods
4.2.1. Cell culture
HeLa cells were cultured in Dulbecco's modified eagle's medium
(DMEM) with 10% of fetal bovine serum (FBS) and 1% of penicillin–
streptomycin (PS). NK-92 cells were cultured in minimum essential
media alpha (MEM α) with 15% of FBS, 15% of horse serum (HS) and
1% of PS and other supplements, including myo-inositol (0.2 mM), 2mercaptoethanol (0.1 mM), folic acid (0.02 mM). NK-92 cells were subcultured in every two days in 6 ml of the full medium and 1200 units of
Interleukin-2. Sub-culture was conducted in T25 flasks with cell
concentration of 105 cells/ml.

4.2.2. Fluorescent labeling of live and dead cells
HeLa cells were labelled with CellTrace™ CFSE Cell Proliferation
Kit (Thermo fisher, C34570) by incubating the cells in serum free
DMEM with 2 μM of CFSE for 30 minutes. NK-92 cells were labeled
with CellTrace™ Far Red Cell Proliferation Kit (Thermo fisher, C34572)
by incubating the cells in serum free MEM α with 2 μM of the reagent
for 20 minutes. To detect dead cells, propidium iodide (PI) was used. For
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live imaging, PI-containing medium was used from the beginning of
imaging. For imaging after 24 h of NK-92/HeLa co-culture, the medium
was replaced with PI-containing medium 30 min prior to imaging.

4.2.3. 3D cytotoxicity assay using gel patterned device
CFSE-labeled HeLa cells were mixed with collagen gel presolution, which is a mixture of rat tail oriented collagen type Ⅰ (Corning,
354249) with concentration of 9 mg/ml and 150 mM HEPES buffer at
2:1 ratio (v/v). The collagen pre-solution containing HeLa cells were
patterned under the low rails of a CACI-IMPACT device (Figure 4.3a)
following air plasma treatment with 70W for 3 min. The device was
incubated in a cell culture incubator with 37℃ and 5% of CO2 for 30 min
to crosslink the collagen. The cross-linked collagen gel blocks were
immersed in media and further incubated for 24 h in the cell culture
incubator. NK-92 cell suspension (2 x 106 cells/ml, 2 μl) was loaded into
the channel, and the device was stored in the incubator for 20 min at an
angle of 90 degrees to let the NK-92 cells settle down on one side of the
collagen block encapsulating HeLa cells. Then, the two medium
reservoirs were filled with MEMα, and the devices were stored in the
incubator for 24 h, or in a live imaging system. PI was added in the
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medium, and fluorescence images were acquired to assess cytotoxicity.

4.2.4. Image analysis
Time-lapse images were acquired using an inverted microscope
system (Nikon eclipse Ti-E). Endpoint images of NK-92/HeLa coculture were acquired using a confocal microscope (Nikon Ti 2 A1)
through optical z-sectioning (depth: 100 μm, interval: 4 mm). For image
analysis, we used Fiji. Z-projected images were used for display and the
images were converted into binary images using auto threshold (‘Mean’
method) in Fiji for quantitative analysis. The number of NK cells in each
sub-region was estimated by dividing the total area of NK cells into the
average single NK cell area. Similarly, the percentage of killed HeLa
cells were estimated using HeLa cell areas. Since live HeLa cells
exhibited extended morphology whereas dead HeLa cells were rounded,
areas of dead HeLa cells were converted to those of equivalent number
of live HeLa cells by multiplying an average ratio of single live and dead
HeLa cell area. Finally, the percentage of killed HeLa cells were
calculated by (converted dead HeLa cell area)/(live HeLa cell area +
converted dead HeLa cell area). Five unbiased students manually
selected 20 NK and HeLa cells respectively and the average areas of the
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selected 100 NK and HeLa cells were used for single cell area of each
cell type.

4.2.5. 2D cytotoxicity assay
CFSE-labeled HeLa cells were plated in each well of a 24 well-plate
(6 x 104 cells/well) and cultured for 24 h. Then, various numbers of NK92 cells were added to the well, and HeLa and NK-92 cells were cocultured for another 24 h. PI was added to the media to have final
concentration of 3 μM, and the percentage of dead HeLa cells were
measured by fluorescence microscopy.

4.3. Results
4.3.1. Design and fabrication of devices
To fabricate microfluidic devices for cytotoxicity assays in 3D
ECM gels, we first designed and fabricated injection molded
microfluidic devices that enable facile hydrogel patterning (Figure 4.1).
To efficiently observe cytotoxic activity of CLs through fluorescence
microscopes equipped in typical biology labs, the device was designed
to have the same dimension as a standard microscope slide (3″ x 1″), and
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rail-based microstructures under which cytotoxicity assays would be
conducted were embedded in 2 x 6 rectangular array of wells with the
same pitches as the conventional 96 well-plate (Figure 4.1a). The railbased microstructures for hydrogel patterning is composed of two
primary patterning rails (low rail, or LR), which are 100 μm apart from
the bottom surface, and one secondary patterning rail (high rail, or HR),
500 μm apart from the bottom surface (Figure 4.1b). The rail-based
microstructures allowed spatially compartmented hydrogel patterning to
be performed by a simple and fast patterning process (Figure 4.2). First,
the surfaces of the device are hydrophilically modified via air plasma
treatment. Next, hydrogel pre-solution was injected through an injection
hole to fill the entire microstructures (Figure 4.2a), and subsequently
aspirated away by pipetting. Due to the hydrophilicity of the surfaces,
only hydrogel pre-solution underneath LR regions remained (Figure
4.2b). Importantly, this process can be performed for 12 wells in a slide
within 30 s. After crosslinking the hydrogel underneath LR regions, the
second solution was loaded underneath the HR region to form two
separate compartments (Figure 4.2c). Compared with the PDMS devices
widely used in microfluidics that requires tedious batch processes for
fabrication, this injection molding-based device can substantially
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enhance throughput of the assay because the devices can be massively
produced. In addition, hydrophilic rail-based microstructures permit
hydrogel patterning to be conducted by simple pipetting, thus entire
devices can be readily fabricated without requiring any sophisticated
equipment/techniques.
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Figure 4.1. A CACI-IMPACT platform and its working process. (a) Rail-based
microstructures are embedded in microwells with 96 well plate format and the
structures are integrated in a 2 x 6 rectangular array. Water tanks are allocated
in both sides to maintain humidity in samples. (b) Schematic top and section
view of a single well. The microstructure in a single well consists of two low
rails (LRs) for primary hydrogel patterning and one high rail (HR) to form a
channel for secondary fluid patterning after hydrogel cross-linking.
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Figure 4.2. Procedure of using the device. Once a hydrogel pre-solution is filled
and withdrawn through an injection hole, the solution remains only underneath
LRs. When the hydrogel is cross-linked, a microfluidic channel is formed where
another fluid can be loaded.
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4.3.2. Cytotoxicity assay in 3D ECM environment
Using the hydrogel patterning technique, we first fabricated
collagen gels encapsulating HeLa cells underneath LR regions (Figure
4.3a Day 0), and cultured for one day. Then, NK-92 cell suspension was
loaded next to the collagen gel, and the device was tilted to 90o for 20
min to accumulate NK-92 cells on one side of the collagen gel by
sedimentation (Figure 4.3a Day 1). NK-92 cells attached on the collagen
gel surfaces penetrated into collagen gel blocks and migrated toward
HeLa cells to exert cytotoxicity. Figure 4.3b shows the initial state of the
assay on Day 1.
HeLa cells and NK-92 cells were labeled with two distinct
fluorophores, and propidium iodide (PI), a fluorescence dye labeling
dead cells, was added in the media to visualize dead cells. In this way,
we can simultaneously observe NK-92 cell migration and cytotoxicity
along the collagen matrix containing HeLa cells by live imaging (Figure
4.4 and 4.5). NK-92 cells uniformly deposited on collagen block at the
beginning of imaging penetrated and migrated into collagen matrix as
shown in time-lapse images acquired with a low magnification objective
lens (Figure 4.4). As NK-92 cells propagated into collagen gels, PIstained HeLa cells near NK-92 cells increased, meaning NK-92 cells
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exerted cytotoxicity against HeLa cells in collagen gels. Detailed
procedures in CL-mediated cytotoxicity of cancer cells, rounding by
detachment and subsequent membrane permeabilization allowing PI
incorporation (129), can be visualized by time-lapse images using a high
magnification objective lens: CFSE-labeled HeLa cells turned round
after they made contact with NK-92 cells, followed by PI uptake (Figure
4.5).

９０

Figure 4.3. Procedure of 3D cytotoxicity assay and its outputs. (a) Schematic
process of the assay. HeLa cells embedded in collagen were patterned under
low rails (Day 0). After 24 hours of cultivation, NK-92 cells were loaded into a
microchannel formed by the hydrogel. By tilting the device at an angle of 90
degrees, NK-92 cells were deposited on a collagen block (Day 1) and cultured
for additional 24 hours to observe migration and cytotoxic activity of NK cells.
(b) Initial state of the assay (Day 1).
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Figure 4.4. Live monitoring of migration and cytotoxic activity of NK-92 cells
with 10X objective lens. NK-92 cells (white) penetrate into collagen matrix
where HeLa cells are encapsulated. Propidium iodide (Red) displays dead cells.
Time is indicated in HH:MM in the top right corner of each image.
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Figure 4.5. Live monitoring of migration and cytotoxic activity of NK-92 cells
with 20X objective lens. NK-92 cells (white) penetrate into collagen matrix
where HeLa cells are encapsulated. Propidium iodide (Red) displays dead cells.
Time is indicated in HH:MM in the top right corner of each image.
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4.3.3. 3D ECM reduce cytotoxicity

With this experimental setting, we first investigated how the
presence of ECM and the density of cancer cells influenced NK cell
cytotoxicity. HeLa cells in two different cell densities (0.8 x 106 cells/ml
and 3.2 x 106 cells/ml) were encapsulated in collagen gels (3 mg/ml)
while the NK-92 cell density added in the media was fixed (2.0 x 106
cells/ml), thus effectively total NK-92:HeLa were 5:1 and 20:1, typical
ratio used for conventional cytotoxicity assays. Fluorescence images of
square region of interest (ROI) with a side length of 700 μm, which is
the dimension of the low rail width under which NK cells interact with
HeLa cells, were acquired using a motorized stage 24 h after NK-92 cell
seeding. The ROI was divided into seven sub-regions with a width of
100 μm, R0 to R6 (Figure 4.6). The number of NK cells penetrated into
the collagen gels and the percentage of killed HeLa cells, or PI-labeled
HeLa cells, in each sub-region were measured and plotted (Figure 4.7a
and 4.7b). R0 and R6 were not considered because they were located
near the interface between collagen gel and liquid media where capillary
force-mediated meniscus formed (Figure 4.6), thus boundaries were not
clearly defined in some cases.
NK-92 cell number was the highest in R1, and gradually decreased
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as the sub-region became deeper (Figure 4.7a). NK-92 cells exhibited
significantly higher cell numbers in all sub-regions for the lower HeLa
cell density, or 20:1, than the case of 5:1 except for R1 (Figure 4.7a).
Similar trends were observed for HeLa cell killing, as HeLa cell killing
requires close proximity of NK-92 cells and HeLa cells (Figure 4.7b).
These results indicate that HeLa cells in collagen gels hold NK-92 cells
nearby by forming dynamic immunological synapses (130), thus NK-92
cell migration toward deeper sub-regions gets delayed until they kill
substantial fraction of HeLa cells. Percentages of killed HeLa cells in
entire sub-regions R1-R5 were measured and compared with 2D
cytotoxicity assays performed with equivalent NK-92:HeLa ratio. In 2D,
NK-92 cells killed ~ 90% of HeLa cells regardless of the ratio, whereas
significantly lower percentage of HeLa cells were killed in 3D, and the
higher HeLa cell killing occurred with the NK-92:HeLa ratio of 20:1.
These results indicate that accessibility of cancer cells is a limiting factor,
and migration of CLs is a rate limiting step in cytotoxicity in 3D ECM
microenvironments.
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Figure 4.6. Images taken after 24 hours of interaction of NK cells and HeLa
cells in two NK-92:HeLa ratios. HeLa cells (green) and NK-92 cells (white)
are displayed in upper images and lower images show live/dead HeLa cells at
the same moment with the upper images.

９６

Figure 4.7. 3D ECM reduces cytotoxicity by limiting cancer cell

accessibility. (a) The numbers of NK cells and (b) the percentage of killed
HeLa cells within the ROI sub-regions in the two NK-92:HeLa ratios (n ≥ 18).
(c) The percentage of killed HeLa cells within the whole ROI from R1 to R5 in
the two NK-92:HeLa ratios. (n = 3 for 2D assay, n ≥ 18 for 3D assay). Dot plots
in (b)-(d) show mean ± SEM.
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4.3.4. Dense ECM impede migration of CLs
In many solid tumors, fibrosis characterized by dense and stiff ECM
generation occurs surrounding areas of tumor cells. Fibrosis not only
affects cancer cells by triggering various mechanotransduction pathways
by stiffening ECM (131), but also influences immunotherapy efficacy by
limiting CL infiltration into tumors (114, 132). We sought to investigate
the role of ECM density, a key component of fibrosis, on lymphocyte
cytotoxicity in 3D by using the device patterned with various
concentrations of collagen (2, 3, 4 mg/ml). Effective NK-92:HeLa ratio
was fixed to 5:1. Representative still images of the patterned collagen
gels with various collagen concentrations 24 h after NK-92 cell seeding
are shown in Figure 4.8. NK-92 cells distributed throughout the collagen
gels in 2 mg/ml of collagen gel, whereas few NK-92 cells were observed
in R4-R6 in 4 mg/ml of collagen gel. Overall, NK cell number was the
highest in R1 and gradually decreased as the sub-region became deeper
for all collagen concentrations (Figure 4.9a), and NK cell number was
the highest for the lowest collagen concentration and gradually decreased
as the collagen concentration increased for all sub-regions (Figure 4.9a).
Similar trends in the percentage of killed HeLa cells were observed
(Figure 4.9b). These results indicate that ECM density plays an important
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role in NK cell migration in collagen gels, and consequently affects NK
cell cytotoxicity.
Next, we investigated detailed interactions between NK-92 cells
and HeLa cells encapsulated in different concentrations of collagen. By
performing time-lapse imaging, we directly visualized NK-92 cell-HeLa
cell interactions at a single cell level (Figure 4.10), and assessed how
much time is needed for each NK-92 cell to successfully kill HeLa cells.
Time for killing, which measures time from initial NK-92/HeLa contact
to PI uptake in HeLa cells, was measured for each NK-92 cell
successfully killed NK-92 cell and plotted for NK-92 cells in collagen
gels with 2 and 4 mg/ml (Figure 4.11). Interestingly, time for killing of
NK-92 cells in 4 mg/ml collagen gels was significantly lower than that
of NK-92 cells in 2 mg/ml collagen gels. This result indicates that
cytotoxicity of individual NK-92 cells is higher in higher concentration
of collagen gels. Taken together, ECM density can influence both
migration and cytotoxicity of CLs.
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Figure 4.8. Images taken after 24 hours of interaction of NK cells and HeLa
cells in three collagen concentrations. HeLa cells (green) and NK-92 cells
(white) are displayed in upper images and lower images show live/dead HeLa
cells at the same moment with upper images.
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Figure 4.9. Dense ECM impedes cytotoxic activity of NK cells. (a) The

numbers of NK cells and (b) the percentage of killed HeLa cells within
the ROI sub-regions (n ≥ 16).
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Figure 4.10. Live monitoring of cytotoxic activities of NK-92 cells (Yellow
arrows) against HeLa cells (Blue). Propidium iodide (Red) shows the death of
HeLa cells.
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Figure 4.11. PI uptake time from the moment that NK-92 cells made a

contact with HeLa cells in 2 and 4 mg/ml of collagens. Each dot was
obtained from a single HeLa cell killed by a single NK-92 cell. For
statistical comparison, unpaired two-tailed Student’s t-test was
performed, and the statistical significance was displayed as follows; *p
< 0.05, **p < 0.01, ***p < 0.001.
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4.4. Conclusions
Traditional in vitro 2D cytotoxicity assays against cancer cells
have been widely used to evaluate ex vivo engineered or cultured CLs
due to simplicity in assays, but the assay results may not be consistent
with in vivo results due to the absence of 3D tumor microenvironment
(TME). PDMS-based microfluidic devices recapitulating various aspects
of

TME,

including

hypoxia,

inflammatory

cytokines,

immunosuppressive conditions, and vasculatures, have been developed
to evaluate CLs in 3D (125-127).
However, PDMS-based devices require labor and time intensive
batch fabrication processes, thus device fabrication limits experimental
throughputs (128). To overcome this limitation, the CACI-IMPACT
devices used in this study were massively produced using injection
molding with polystyrene (PS) by customizing the design of the
IMPACT device (99), which was previously developed by our group for
3D compartmentalized cell culture. In our experience of conducting the
same 3D cytotoxicity assays using our PDMS-based co-culture device
(93), approximately two days of serial processes, including casting (7 h),
punching (1 h), bonding (10 m), and surface hydrophobicity restoration
(> 1 d), were required. The series of manual processes can cause defects,
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resulting in lower yields or lower uniformity of the final devices to be
used in experiments. Furthermore, pressure sensitive loading process in
PDMS device reduces usability and experimental throughput. In sharp
contrast, CACI-IMPACT device requires less than 10 minutes for device
preparation including 3 min of hydrophilic surface modification. In case
that the device was packed after plasma treatment, no preparation is
required except opening the packaging. Rail-based microstructures with
hydrophilic surfaces further facilitated experiments by enabling simple
and fast hydrogel patterning to be performed, and multi-well format
further enhanced experimental throughputs by allowing multiple
experiments to be performed simultaneously in a single device. In
addition to improved device fabrication and experimental throughputs,
long term monitoring of CL-cancer cell interactions is possible, as media
change can be readily performed by aspirating media in the media
reservoir and filling new media without perturbing hydrogels containing
cells.
Using the injection molded devices, we performed 3D
cytotoxicity assays with various density of cancer cells and various
collagen concentrations. First, we found the presence of ECM and cancer
cells could significantly reduce cytotoxicity of CLs by impeding
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migration and limiting accessibility of cancer cells compared with 2D
cytotoxicity assays (Figure 4.7). Presence of cancer cells in ECM may
play dual role in cytotoxicity: it may impede infiltration of CL by
interacting with CLs as we have shown, but at the same time, cancer cells
can promote CL migration by producing chemokines such as CXCL9,
10, and 11 (133). As shown in Figure 4.7a, NK-92 cell distribution in
collagen gels lacking HeLa cells (no HeLa) was comparable to that in
collagen gels with low density of HeLa cells (20:1) except for entry
regions, where NK-92 cell numbers were slightly higher for collagen
gels lacking HeLa cells, indicating chemotaxis-mediated NK-92 cell
migration was minimal in our system. Second, we found ECM density
played an important role in 3D cytotoxicity by independently regulating
migration-mediated cancer cell contact and direct cancer cell killing
(Figure 4.9). Indeed, collagen density can influence various physical
properties of collagen gels such as pore size and stiffness (134). When
collagen concentration was increased, NK cell infiltration into collagen
gels was substantially reduced presumably due to reduced pore size that
limits amoeboid-mode immune cell migration (135). Indeed, increased
ECM density observed in fibrotic tumors reduced activity of T cells by
limiting physical access of tumor cells (119), indicating our device may
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be a good model system to evaluate ex vivo engineered CLs for fibrotic
tumors. Interestingly, cytotoxicity of individual NK cells were
significantly enhanced when collagen concentration was increased
(Figure 4.11). While detailed mechanisms for enhanced cytotoxicity in
collagen-dense environments need to be determined, it is possible that
stiff ECM environments in high concentration of collagen facilitate
tumor cell lysis by increasing tumor cell tension, which enhances
perforin-mediated pore formation on tumor cell membrane (136).
Our preliminary 3D cytotoxicity assay using human primary NK
cells revealed that CACI-IMPACT platform can be used for primary
lymphocytes, while detailed assay conditions need to be adjusted
depending on cell types (Figure 4.12). Primary NK cells exhibited much
higher motility and cytotoxicity compared with NK-92 cells: they
uniformly distributed in entire collagen gels (Figure 4.12b) and killed the
majority of HeLa cells (Figure 4.12c) within 12 h in dense ECM (4mg/ml
of collagen), in which NK-92 cells killed only ~ 40% of HeLa cells for
24 h (Figure 4.9b). Superior cytotoxicity of primary NK cells in our assay
is partly due to smaller size of primary NK cells (diameter ~ 8 μm)
compared with that of NK-92 cells (diameter ~ 14 μm), which plays
important role in cell migration in dense ECM (134), further confirming
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importance of lymphocyte motility in 3D cytotoxicity.
To sum up, we introduced an injection molded microfluidic device
for assessing cytotoxicity of CLs in 3D environment. The proposed
device is characterized by (ⅰ) enhanced productivity via injection
molding, (ⅱ) enhanced experimental throughput mediated by multi-well
format of the device, and (ⅲ) hydrophilic rail-based microstructures
facilitating hydrogel patterning with simple pipetting. Using the device,
we found 3D ECM significantly reduce cytotoxicity of CLs by impeding
migration and access to tumor cells compared with traditional 2D assays.
We also found denser ECM impede migration of CLs but enable
effective killing once CLs contact with tumor cells. The results show
how important the presence of ECM is for accessing cytotoxicity of CLs
against solid tumors. We think this injection molded 3D culture platform
could be used to evaluate cytotoxicity of CLs in 3D environment and to
identify new therapeutic approaches mediated by adoptive transferred
CLs against solid tumors.
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Figure 4.12. 3D cytotoxicity assay performed with primary NK cells against
HeLa cells. (A) Representative images taken after 6H (left) and 12H (right) of
primary NK/HeLa cells co-culture. (B) The number of primary NK cells and
(C) the percentage of killed HeLa cells within the ROI sub-regions after 6H
(black) and 12H (red) of primary NK/HeLa cells co-culture.
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Chapter 5. Concluding Remarks
In this thesis, we suggested two CGP methods by integrating
microstructures with conventional cell culturewares. In chapter 2,
micropillar array embossed on petri-dish enabled multiscale liquid
patterning by sweeping bulk liquid over the surface. The patterning
mechanism on a basic form of a 2 × 2 rectangular array of circular pillars
is analyzed theoretically and verified with experiments. Nanoliter-tomicroliter volumes of liquids are patterned into various shapes by
arranging the pillars based on the analysis. Furthermore, an array of
geometrically modified pillars can capture approximately 8000 droplets
on a large substrate (55 mm × 55 mm) in one step. Given the simplistic
method of wipe patterning, the proposed platform can be utilized in both
manual benchtop and automated settings. We will provide proof of
concept experiments of single colony isolation using nanoliter-scale
liquid patterning and of human angiogenic vessel formation using
sequential patterning of microliter-scale liquids.
In chapter 3, rail-based microstructure was introduced to guide airliquid interface retrieved by aspiration, resulting in remaining hydrogels
only under low rails. We provide a design rule for the device structure
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and the capillary pressure condition upon verifying a theoretical model
to explain the physical principle. We demonstrate formation of multiple
hollow channels or hydrogel islands with a single aspiration. Then we
test vasculogenic capacity of various cell types using a microfluidic coculture system obtained by our technology, to illustrate its capabilities as
a viable micro-manufacturing scheme for high-throughput cellular coculture.
In chapter 4, we introduced a 3D cytotoxicity assay to assess
cytotoxicity of lymphocytes in 3D microenvironment in high-throughput
fashions. Rail-based microfluidic design described in chapter 3 was
integrated within a single 96-well and the wells were rectangularly
arrayed in 2 × 6 to enhance the experimental throughput. The rail-based
microstructures facilitate hydrogel patterning with simple pipetting so
that hydrogel pre-solution aspirated with 10 μl pipette can be patterned
in 12 wells within 30 s. To demonstrate 3D cytotoxicity assay, we
patterned HeLa cells encapsulated by collagen gel and observed
infiltration, migration and cytotoxic activity of NK-92 cells against HeLa
cells in the collagen matrix. We found that 3D ECM significantly
reduced migration of cytotoxic lymphocytes and access to cancer cells,
resulting in lower cytotoxicity compared with 2D assays.
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Compared with traditional closed microfluidic devices made with
PDMS, the open microfluidic platforms utilizing CGP methods (i) are
scalable, (ii) have enhanced experimental throughput, (iii) are
compatible with automated liquid dispenser or imaging systems due to
their standardized format, and (iv) are highly accessible to the cultured
tissue. We expect open microfluidic devices introduced so far can
address limitations that impede commercialization of organs-on-chips
and help organs-on-chips to be used in industry such as pre-clinical drug
screening and developmental process of drugs or cosmetics.
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초록
장기모사칩은 2000년대 초부터 마이크로 공정 기술이
생물학적 연구에 활용됨에 따라 인간 장기 기능을 모사하기
위해 개발되었다. 구체적으로, polydimethylsiloxane (PDMS) 기반
미세유체 장치는 공간적으로 구분된 세포 패터닝을 가능케 함
으로써 생체와 유사한 구조로 세포를 배양할 수 있게 해주었
다. 이러한 세포 패터닝은 페트리 디쉬, 플라스크, 혹은 웰플레
이트와 같은 기존의 세포 배양 도구에서는 수행하기 어려운
삼차원 세포 배양과 그 안에서의 시공간적 분석을 가능하게
하였다. 하지만, 종래의 장기모사칩은 PDMS에 기반한 닫힌 형
태의 채널 설계로 인해 낮은 생산성, 낮은 실험 효율, 낮은 장
비 호환성을 갖는다. 따라서, 본 연구는 대중적인 세포 배양
장치들에 마이크로 구조물을 통합한 두가지 모세관 현상 기반
의 패터닝 방법을 제시한다. 첫번째 방법은 페트리 디쉬나
polystyrene (PS) 필름과 같이 개방된 PS 표면에 마이크로 기둥
어레이를 제작하여 그 위에서 액체가 쓸려 지나갈 때 기둥 구
조물들 사이에 액체를 포획하는 방식이다. 마이크로 기둥 어레
이의 배치에 따라 나노리터부터 마이크로리터에 이르는 액체
를 빠르게 패터닝할 수 있게 한다. 이러한 기둥 구조를 활용하
면 다양한 세포의 배치 및 배양이 가능하여, 본 연구에서는 삼
차원 환경에서의 단일세포 배양과 다세포 공배양 플랫폼으로
의 활용 가능성을 제시하였다. 두번째 방법은 마이크로 레일
형태의 마이크로구조물을 표준화된 마이크로 플레이트의 웰과

１２４

통합하여 고효율 삼차원 배양 플랫폼을 제시한다. 레일 구조의
아래에 주입된 액체가 빨아들여질 때 구조물에 의해 형성된
액체-기체 계면들의 순차적 이동을 활용하여 특정 레일의 아
래에만 액체를 남기는 기술을 개발하였다. 이 두가지 모세관
현상 기반 패터닝 방법을 위한 장치들은 사출성형으로 대량생
산이 가능하고 우수한 실험 효율을 갖는다. 이 중 레일 구조를
활용한 흡인 기반의 패터닝 방법을 이용하여 면역세포치료제
의 성능 평가를 위한 사출 성형된 플라스틱 어레이 배양 장치
(CACI-IMPACT)를 개발하였다. 흡인 기반 패터닝 덕분에 20 μl
파이펫으로 빨아들인 하이드로젤 용액을 30 초 이내에 12개의
웰에 패터닝 할 수 있었다. 면역세포치료제의 기능적 평가를
위해, 콜라겐 젤에 포함된 HeLa 세포를 패터닝하고 NK-92 세
포의 콜라겐 매트릭스 내부로의 침투, 매트릭스 내부에서의 이
동 및 암세포 살해 활동을 관찰하였다. 이를 통해 세포외기질
이 세포 독성 림프구의 이동 및 세포 독성에 상당히 영향을
미친다는 것을 확인할 수 있었다. 따라서, 암세포와 세포 독성
림프구의 고효율 삼차원 공동 배양을 가능하게 하는 본 플랫
폼은 고형 종양에 대한 면역 치료를 위해 개발된 세포 독성
림프구의 전임상 평가에 사용될 가능성이 있으며, 본 연구에서
개발 및 사용된 모세관 현상 기반 패터닝 기술들은 장기모사
칩의 상용화를 가속화시킬 것으로 기대한다.
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Abstract
Organs-on-chips have been developed for recapitulating human
organ functions in in vitro as microfabrication techniques meet biology
since the early 2000s. Specifically, polydimethylsiloxane (PDMS) based
microfluidic devices enabled to mimic organ functions by providing
spatially compartmented cell patterning for culturing cells with in vivo
like layout. The selective cell patterning enabled 3D cell culture and
spatiotemporal analysis which were challenging to conduct with
conventional cell culturewares such as petri-dishes, flasks, and wellplates. However, traditional organs-on-chips have limitations in
salability, experimental throughput, and absence of standard due to their
closed channel designs based on PDMS. Here, we introduce two
capillarity

guided

patterning

(CGP)

methods

by

integrating

microstructures with conventional cell culturewares. First, we fabricated
micropillar arrays on open polystyrene (PS) surfaces and the micropillars
can capture liquids swept over the surface. Using the devices, we
demonstrated 3D culture applications, single cell capturing and retrieval
and multiple cell co-culture. Second, we integrated rail-structures with
microplate. Beneath a rail-structure, hydrogel precursors can selectively
remain according to meniscus dynamics when the pre-loaded precursors
are aspirated. These two CGP methods can be produced with injection
i

molding and provide enhanced experimental throughput. Using the railbased CGP method, we developed a 3D cytotoxicity assay for cancer
immunotherapy based on an injection molded plastic culture (CACIIMPACT) device to assess killing abilities of cytotoxic lymphocytes in
3D microenvironment through a spatiotemporal analysis of the
lymphocytes and cancer cells embedded in 3D extra cellular matrix
(ECM). Owing to the aspiration-mediated patterning, hydrogel
precursors can be patterned in 12 wells within 30 s. For functional
evaluation of the cytotoxic lymphocytes engineered for cancer
immunotherapy, HeLa cells encapsulated by collagen matrix were
patterned beneath low rails and NK-92 cells were loaded into the channel
formed by the collagen matrix. We observed infiltration, migration and
killing activity of NK-92 cells against HeLa cells in collagen matrix.
Through image-based analysis, we found ECM significantly influences
migration and cytotoxicity of lymphocytes. Hence, the CACI-IMPACT
platform has the potential to be used for pre-clinical evaluation of ex vivo
engineered cytotoxic lymphocytes for cancer immunotherapy against
solid tumors, and the CGP methods are expected to accelerate the
commercialization of organs-on-chips.
Keyword : organ-on-a-chip, high-throughput screening, liquid
patterning, open microfluidics, cancer immunotherapy, 3D cytotoxicity
assay
Student Number : 2015-20697
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Chapter 1. Introduction
1.1. History of organs-on-chips
Since the advent of polydimethylsiloxane (PDMS), a number of
microfluidic devices have been introduced in biological and chemical
research field such as diagnostic devices (1), chemical gradient
generators (2), nanoparticle synthesis (3), and particle separators (4).
Especially, PDMS-based devices brought great improve in cell biology
due to its characteristics favorable for cell culture. Gas permeability of
PDMS enables long term cell culture and transparency of PDMS
facilitates observation of cultured cells within the PDMS-based devices
(5). Most of all, molding microstructures with PDMS revolutionized
cell-based studies that were challenging with conventional labwares. For
example, microwell devices facilitated studies of heterogeneity of cells
and deformation of micropillar array enabled analyzing distribution of
forces applied by a single cell (6, 7).
Organ-on-a-chip is one of the most successful applications
utilizing the characteristics of PDMS advantageous for cell-based studies.
Huh et al. opened the era of organ-on-a-chip as they recapitulate organlevel function by utilizing the characteristics mentioned so far (8).
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Furthermore, hydrophobicity of PDMS enables micro-pores to work as
capillary bursting valves that facilitate to arrange cells into
physiologically relevant layouts (9). Along with the hydrophobicity,
elasticity of PDMS allows to apply mechanical stimulation to the
cultured tissue so that the device can mimic stretching and relaxation of
the lung. Since the lung chip has shown the possibility of recapitulating
organ-level function in microfluidic devices, a number of microfluidic
devices have been developed, mimicking diverse organ functions such
as blood-brain barrier (10), gut (11), bones (12), airways (13), and
kidney (14). Following the development of organ units, there were trials
to integrate of the organ chips. In 2014, NIH funded 11 institutions to do
the work and DARPA entered into cooperative agreements with NIH
award recipients to develop platforms capable of integrating 10 or more
organ systems. As a result of the projects, Edington et al. reported
interconnected microphysiological systems (MPS), or organs-on-chips,
by integrating 4, 7, and 10 MPSs for pharmacological testing (15).
Although they showed the possibility to connect multiple organ chips
and to analyze drug response, they discussed that quantitative analysis is
challenging as the number of interconnected MPSs increases.
Furthermore, diverse cell sources, culture medium, control of flow rate
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make the multi-MPS system difficult to be realized and used by
researcher other than the developers. The hurdles in developing multiorgan chip systems has led the trend of organ chip research to develop
disease models that are specific applications with a single organ chip. In
2016, NCATS announced a funding opportunity as part of the tissue
chips for disease modeling and 13 institutions were funded to develop
disease models such as Parkinson’s disease, inflammation in muscle,
vascular malformations, etc.
Along with the change of research trend and technical
improvement in organ chip field over a decade, the field has been
matured to commercialization. Emulate spun out from Wyss institute
supports kidney, liver, and intestine chips and hardware for manipulating
the chips efficiently. They also provide services to execute studies
utilizing the chips as customer wants such as toxicity test and drug
efficacy test. As their devices are made with PDMS which is challenging
to make scalable, they are developing manufacturing systems and
enhancing experimental throughput by utilizing hardware. Tissuse is a
german company where has profound experience in multi-organ chip
devices. Their four-organ (intestine, liver, skin, and kidney) chip
demonstrated long-term co-culture of the organs for up to 28 days (16).
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Instead of using gravity driven flow, they utilize a built in micropump
driven by an external pneumatic controller. For the pneumatic control,
their device utilizes a thin PDMS film. To address limitations in
manufacturing of microfluidic devices using PDMS, some companies
develop plastic-based microfluidic chips. Mimetas is a representative
company developing well-plate formatted devices produced with
thermal plastic. Using their multi-lane devices several research groups
reported organ models such as kidney proximal tubule (17), blood-brain
barrier (18), gut (19), and glomerular filtration barrier (20). Unlike
premature era of microfluidics when most of the articles were reported
by inventors, recent articles using devices from Mimetas show that
commercialized microfluidic devices are widely used by biological
researchers.

1.2. Challenges in current organs-on-chips
As commercialized organ chips are used by biologists,
pharmaceutic companies, and medical researchers, their usefulness
should be verified for prosperity of the market. In order to be used for
screening systems in development process of drugs or cosmetic products,
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not to be a single time use for novelty in research, some challenges
remain to be addressed.
First, improvement in manufacturing process is needed.
Making devices with PDMS is time consuming and requires intensive
labor. Normally, the fabrication process consisting of PDMS molding,
cutting, punching, and plasma bonding takes 1-2 hours and recovering
hydrophobic surface after plasma bonding requires one or more days if
the device utilizes the hydrophobic surface for cell patterning (21, 22).
Hence, many organ chip companies produce their products with thermal
plastics which are scalable via injection molding.
The second problem is low experimental throughput. Even
though they changed material, most of the devices keep using cell
patterning methods that utilize capillary bursting pressure between
narrow gaps formed by micropillars or microbumps (23, 24). As critical
capillary pressure at narrow gaps depends on the hydrophibicity of the
surface, thermal plastics have smaller critical capillary pressure than
PDMS. The lowered critical capillary pressure in plastic devices induces
larger patterning failure rate as users can easily exceed the pressure if
they are not sufficiently trained. Even though they are skillful for the
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patterning process, sophisticated pressure control is required which
limits automation of the loading process.
For the last, absence of standard in size and shape causes
inefficiency in maintenance and analysis (25). Even though a number of
organ chip devices have been developed for a decade, there is no standard
for their sizes and formats. It means that each device requires customized
setup for cell culture and analysis. Furthermore, the variety in designs is
not familiar with researchers who do not have experience in
microfluidics so that it hinders introducing organ chips to potential users.
Berry et al. reported inserts for well-plates generating rail-structure that
can work as microfluidic channel (26). The article showed the possibility
for microfluidics to be combined with conventional cell-culture products
which are widely used and compatible with automated equipment.
However, commercialized microfluidic devices still have their own
formats and the companies develop equipment for handling the
microfluidic devices.
It is believed that the limitations are originated from closed
channel designs based on PDMS-glass bonding whose opening exist
only at inlet/outlet ports. Even though Aim biotech produces
microfluidic devices with injection molding (27), its experimental
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throughput varies with users’ skills due to lower hydrophobicity of
plastic compared with PDMS. Hence, to address all the limitations, a new
approach in design, material selection, fabrication method, and
patterning method is required.

1.3. Models for cancer immunotherapy
Cancer immunotherapy is a new approach to treat cancers by
increasing cytotoxic capability of patient’s immune system against
cancer cells. Programmed death-ligand 1/programmed death-1 (PDL1/PD-1) blockade is one of the most representative therapies of cancer
immunotherapy. The blockade enhances recognition of cancer cells by T
cells as non-self, inducing cytotoxic activity of T cells against cancer
cells. This approach significantly enhanced long-term survival rate
compared with conventional therapies such as targeted therapy and
chemotherapy (28). The great success of immune checkpoint inhibitors
led the inventors, Tasuku Honjo and James Allison, to receive the 2018
Novel prize in physiology or medicine.
As the efficacy of immune checkpoint inhibitor is verified and
the market share is growing, a number of immunotherapy drugs are
developed and are under clinical trials (29). The intensive development
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of immunotherapy drugs has increased the demand for screening models
in the preclinical stage (30). Mouse models takes the major position in
preclinical studies, however, the immune system reconstituted in mice
cannot elucidate the one in the human body even though human immune
cells

are

transplanted

(31).

Furthermore,

tumor-immune

microenvironment (TIME) consisting of cancer cells, fibroblasts,
lymphocytes, and macrophages, is hardly maintained in mouse models.
Hence, a need for pre-clinical model recapitulating anti-tumor immune
system exists.

1.4. Purpose of Research
In previous chapters, limitations in commercialized organ chip
devices and demand for preclinical models screening immunotherapy
drugs are introduced. In this thesis, we will introduce two capillarity
guided patterning (CGP) methods to address the aforementioned
limitations of conventional organs-on-chips. Using CGP, we will
introduce a 3D cytotoxicity assay platform for evaluating cell-based
cancer immunotherapy. For the CGP methods, microstructures will be
integrated with conventional cell culturewares, petri-dish and well-plate,
which provide open culture environment. To enhance productivity, we
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utilized plastics which can be mass produced via injection molding. In
order to enhance experimental throughput, we developed automated
patterning system (chapter 2) or simple patterning process (chapter 2 and
3). Lastly, as we utilize standardized culturewares, petri-dish and wellplate, the platforms are compatible with conventional automated
equipment such as automated dispensers or automated imaging systems.
We believe overall improvement in production, usability, and
standardization will maximize the versatility of organ chips, which will
lead organ chips to success in the market, not just in the research stage.
In chapter 2, we introduce a fast multiscale microliquid-patterning
method on an open surface using embossed microstructures without
surface modification for the first CGP method. Arrays of micropillars can
trap microliquids when a bulk drop is swept by an elastic sweeper on
polystyrene (PS) substrates such as petri-dishes. In chapter 3, we present
a swift and robust hydrogel patterning technology, where preloaded
liquid in a microfluidic device is aspirated while leaving the only desired
section of liquid for the second CGP method. The device is designed such
that differing critical suction pressure conditions are established over the
interfaces of the loaded gel, which leads to controlled removal of the
liquid as negative gage pressure is applied.
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In chapter 4, we present a high-throughput 3D cytotoxicity assay
platform using the design introduced in the chapter 3. Rail-based
microfluidic design was integrated within a single 96-well and the wells
were rectangularly arrayed in 2 × 6 to enhance the experimental
throughput. The 3D cytotoxicity assay for cancer immunotherapy using
an injection molded plastic array culture (CACI-IMPACT) device can
assess killing abilities of cytotoxic lymphocytes in 3D microenvironment
through a spatiotemporal analysis of the lymphocytes and cancer cells
embedded in 3D extra cellular matrix (ECM).
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Chapter 2. Microstructure-guided multi-scale
liquid patterning on open surface

2.1. Introduction
Cell-based screening is an important aspect of research in a variety
of fields. Many miniaturized cell-based assays have been introduced
since the development of microliquid manipulation techniques. Robotic
printing of microdroplets enabled fabrication of cellular microarrays for
high-throughput screening of small molecules (32, 33), genomic libraries
(34-36) and have aided in the study of extra cellular matrices (ECM) to
cellular differentiation (37). Although cellular microarrays have reduced
the resource requirements of screening, this method is limited to
screening of adherent cells in a 2D environment, and requires
complicated

fabrication

processes.

Droplet

microfluidics-based

technologies seek to address the limitations of earlier 2D cellular
microarray techniques. Droplets containing cells are produced with ultrafast frequency up to kHz when cell suspension and oil meet at a Tjunction of a microfluidic channel. High-throughput screening (HTS)
utilizing encapsulated droplets are capable of both single cell based
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screening (38-40), and multi cellular spheroid screening (41, 42).
However, droplet encapsulation requires sophisticated instrumentation
to control the two immiscible liquids precisely. Moreover, additional
observation and control systems are required for the separation of
discrete droplets, and sample recovery from separated droplets is more
difficult due to rinsing steps (43, 44).
Recently, a one-step droplet patterning method, droplet array plate
was proposed for cell-based studies (45). Partition of hydrophobic and
hydrophilic surface regions induces separation of droplets from a bulk
drop. The droplet microarray device was applied to a study of cell-cell
interaction (46), 2D co-culture (47), and fabrication of cell-laden
hydrogel particles (48). Although these platforms are capable of quickly
and easily patterning droplets in a single step, the utilization of superhydrophobic and super-hydrophilic materials necessitates a more
difficult and expensive production process for the plate itself in
comparison to single substrate platform proposed here.
In this study, we introduce a new liquid-patterning method,
which utilizes simple micropatterned pillar arrays on a flat substrate. The
microstructures enhance shear force applied to a liquid drop. When
driven by an elastic sweeper, bulk liquids are trapped and retained as
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small droplets inside area cornered by microstructures. A succeed of
liquid patterning was determined by dimensionless parameters and they
were validated experimentally. The subsequently derived designs were
then applied to single cell screening and 3D co-culturing experiments.
This liquid patterning method is: (i) simple and fast, (ii) easily accessible
to sample, (iii) able to capture microliquids with high aspect ratios, and
(iv) adaptable to various wettability of substrates.

2.2. Materials and Methods
2.2.1. Fabrication of the microstructured PS surface
To fabricate microstructures on polystyrene surfaces,
solvent-assisted molding was used as shown in Figure 2.1 (49). A
negatively micropatterned polydimethylsiloxane (PDMS) mold
replica, fabricated with conventional soft lithography, was used as
a template. First, the solvent (AZ 1500 Thinner, AZ Electronic
Material, Germany) was applied to the micropatterned base of the
PDMS mold via immersion. The solvent-wetted PDMS mold was
then carefully applied to a PS substrate surface in a reverse peeling
motion. Once the solvent-wetted PDMS mold was applied to the
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PS surface, the assembly was placed on a 65℃ hotplate for 30
minutes to evaporate the volatile solvent and to cure the molded PS
substrate. At this time, the solvent on the PDMS mold surface
dissolved the PS surface and rearranged the dissolved PS solution
inside the micropatterned grooves of the mold. Upon evaporation,
the solvent deposited the dissolved PS in the shape of the negative
PDMS micropatterns, leaving a positively structured PS surface.
After curing, the PDMS mold is detached from the now embossed
substrate. For the cell culture, the newly patterned PS surface was
ventilated for three days in room conditions to remove any residual
solvent.
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Figure 2.1. (a) Schematic diagram of solvent-assisted molding. (b) A
petri-dish with microstructures molded via solvent-assisted molding.
Micropillars are molded with concentric doughnut-shapes on a
conventional 35 mm diameter petri-dish. In vitro blood vessel
vasculogenesis was demonstrated with this device.
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2.2.2. Single cell isolation and retrieval of single colony
A wild-type CC-124 strain and a mutant strain with the GFP
gene CC-4488 (D1blic::D1bLIC-GFP, Chlamydomonas center)
were prepared at a concentration of 0.7 x 106 cells/ml. The two cell
suspensions were mixed at a 1:1 ratio and the mixture was then
mixed with a 4% alginic acid sodium salt (Sigma) solution at a 1:1
ratio again. A cell suspension with a density of 0.35 x 10 6 cells/ml
in the 2% alginic acid sodium salt solution was formed as a result.
The cell suspension was patterned on an embossed dish for a singlecell analysis and polymerized with a 2% CaCl2 solution. After 10
seconds of polymerization, the solution was replaced with TAP
medium. The patterned cells were then cultured for two days.
For recovery of the colonies, the medium was drained and
2 l of a 0.2 M EDTA solution was introduced above the patterned
alginate gel. After 10 seconds, the mixture of the degraded alginate
gel and the EDTA solution was retrieved with a micropipette and
applied onto an agar plate with a TAP+N medium. The colony was
cultured for seven days again to increase its population, and it was
genetically verified whether the strain was the mutant or the wild
type. The CrGFP plasmid, CC-4488 (D1blic::D1bLIC-GFP) strain
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and CC-124 (137c mt–) strain were from CC-124 (137c mt–)r, and
the genomic DNA of these strains was extracted by the traditional
PCI (Phenol : Chloroform : Isoamyl alcohol (25:24:1 v/v)) method.
Subsequently, 20 ng of each sample was amplified by i-Taq with
Maxime PCR PreMix Kits (iNtRON Biotechnology, Cat. No.:
25035) using 10 pmole of GFP gene-specific primer pairs, a
forward primer (5’-GACGGCAACTACAAGACCC-3’) and the
corresponding

reverse

primer

(5’-

TGTACACGTTGTGGGAGTTG-3’), with 40 cycles at 95℃ for
20 seconds, at 56℃ for 20 seconds, and at 68℃ for 25 seconds. The
PCR product of 148 nts was separated by 2.0% agarose gel
electrophoresis.

2.2.3. In vitro vasculogenesis
Human umbilical vein endothelial cells (HUVECs, Lonza)
were cultured in an endothelial growth medium (EGM-2, Lonza)
and passaged from 4 to 7. Normal human lung fibroblasts (LFs,
Lonza) were cultured in a fibroblast growth medium (FGM-2,
Lonza) and passaged from 6 to 9. All cell types were maintained at
37°C in 5% CO2 in a humidified incubator. The HUVECs and LFs
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were then detached from the culture dishes, centrifuged for two
minutes at 1100 rpm and suspended at a concentration of 6.67 x 10 6
cells/mL in EGM-2. Fibrinogen powder from bovine plasma
(F8630, Sigma-Aldrich) was dissolved in phosphate-buffered
saline (PBS, Hyclone) and with 0.45 U/ml of aprotinin (A1153,
Sigma-Aldrich) added to create a fibrinogen solution with a
concentration of 10 mg/ml. The prepared fibrinogen solution and
cell suspension were then mixed at a 1:3 ratio, finally creating
solutions of HUVECs and LFs with fibrinogen concentrations of
2.5 mg/ml and cell densities of 5 x 106 cells/ml. The mixture of
HUVECs was then mixed with thrombin at 50 U/ml (T4648,
Sigma-Aldrich) at a volume ratio of 50:1 and quickly dropped
uniformly on a patterned petri dish as soon as the mixing was done.
The mixture was gently swept with a PDMS block to ensure that
the gel solution was evenly dispersed and to have the pillar arrays
trap the gel with cells. After three minutes for the gel to be
polymerized, the mixture of LFs was introduced to fill the area
guided by the previously patterned gel. EGM-2 was applied to fill
the petri dish again after three minutes. The samples were cultured
in a humidified incubator at 37℃ with 5% CO2 for five days. The
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medium was replaced with fresh medium on the third day by gently
suctioning the old medium from the edge of the dish while not
touching the microstructures where the gel was trapped.

2.2.4. Visualization of in vitro blood vessel
After fixing the samples with 4% paraformaldehyde buffered in
PBS for 15 minutes, they were treated for 20 minutes with 0.15% Triton
X-100 (Sigma) for permeabilization and one hour with bovine serum
albumin (BSA, Sigma) to block nonspecific binding. To visualize the
blood vessel networks, the samples were incubated with a mouse
monoclonal antibody specific for human CD31 (AlexaFluor®488
conjugated, BioLegend) overnight at 4˚C. DNA was stained using
Hoechst 33342 (Molecular Probes) for one hour at room temperature.
For the z-projection of the 3D blood vessels, stained samples were
imaged with an Olympus FV1000 confocal microscope using a 10x
objective lenses. To display the vessel network patterned in large areas,
the images from each field of view were captured and stitched using
software.
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2.3. Results and Discussion
2.3.1. Liquid patterning process
Liquid patterning process can be divided into two steps,
infiltration and retention, as shown in Figure 2.2. First, liquid should
infiltrate into the area cornered by the pillars. Physical conditions to
determine whether infiltration would occur spontaneously on arrays of
micropillars were studied on the basis of thermodynamic arguments (50,
51). Theoretical studies of the dynamics of infiltration process were
reported (52, 53). If infiltration is not energetically favored, however, the
structure will pin the meniscus and form an air pocket as illustrated in
Figure 2.3a. Even in such a case, liquid can still be squeezed into the gap
by applying additional pressure. In this study, the additional pressure is
applied as a bulk liquid is swept by a PDMS block.
Retention corresponds to the separation of a targeted volume of
liquid from a bulk liquid. The shear force acting on the liquid by the
surrounding solid structures induces deformation and eventual
separation (54). The critical speed of separation is known to decrease by
using microstructures (55) and hydrophilic chemical treatments (45).
In this work, micropillars on PS plates formed by solvent-
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assisted microcontact molding enhance the shear force to break up the
liquid into tiny droplets. A minimal unit of the pattern is a 2X2
rectangular array of circular pillars. We sweep the liquid by moving the
substrate with a velocity of U=30 mm/s relative to an elastic sweeper,
using a prototype of automatic patterning system (Figure 2.4). We
investigate whether the patterning scheme works as geometric
parameters of the microstructures are changed: the height of pillars, ℎ,
ranges from 50 to 200 μm, and center-to-center distance, 𝑙, ranges from
130 to 410 μm. In addition, we test with various liquids of different
viscosity, μ, and surface tension coefficient, γ. The physical properties of
the liquids with critical advancing and receding contact angles, 𝜃A and
𝜃R ,

on

the

PS

plate

were

measured

with

Smartdrop

(FEMTOBIOMED.inc, Korea) as listed in Table 1.
We now consider the mechanical condition to cause infiltration
of the liquid into the area cornered by the four pillars of diameter, d=100
μm, as shown in Figure 2.3a. For the liquid to replace the air pocket, an
interface straddling the pillars spaced by 𝑙 should meet the neighboring
interface. When the interfaces advancing into the empty area with the
advancing contact angle 𝜃A touch each other, the curvature is calculated
to be 𝜅 = 2 sin(𝜃A − 𝜋/4)⁄(√2𝑙 − 𝑑). Then the Laplace pressure of
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the given configuration is given by γκ. The pressure of the liquid relative
to the atmospheric gas pressure, which is scaled as ~𝛾/𝐿 with L being
the characteristic thickness of the bulk being swept, should be strong
enough to generated the foregoing Laplace pressure to enable the
merging of the interfaces. Therefore, the dimensionless parameter that
determines whether the liquid fills the area cornered by the pillars is
given by the ratio of the two relative pressures, 𝛾/𝐿 and γκ:

Πinfiltration ~

(√2𝑙−𝑑)
𝜋
4

2𝐿 sin(𝜃A − )

(1)

This consideration only holds for the advancing contact angle
higher than 45°. Otherwise, the liquid spontaneously fills the volume
between the microstructures because of the concave curvature of liquidair interface. If the center-to-center distance between the pillars, 𝑙 , is
large, the liquid easily fills the patterning area. Our experimental results
with the thickness of bulk liquid fixed at 𝐿 ≈ 2.6 mm are plotted in
Figure 2.3b, which clearly shows that whether the infiltration succeeds
or fails is determined by the value of Πinfiltration.
To achieve successful retention, the bulk liquid should shed a
tiny droplet as retained by the pillars (Figure 2.3a). If the liquid that used
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to fill the patterning area is dragged with the bulk, the patterned area is
re-occupied by the air. Since the retention behavior is critically
dependent on whether the viscous shear force exerted by the sweeper
exceeds the capillary force that tends to keep the drop intact, we
introduce the ratio of the viscous force to capillary force, the Capillary
number, Ca = 𝜇𝑈⁄𝛾 . The viscous force in the liquid consists of the
forces acting at the bulk and near the contact line (56). For a liquid
trapped in the space cornered by the pillars with the aspect ratio
ℎ⁄(𝑙 − 𝑑) ~1, the viscous force near the contact line dominates that in
the bulk (57). Integrating the shear stress in the wedge-shaped region
near the contact line with the receding contact angle 𝜃R , we obtain the
scaling estimate of the shear force as ~𝜇𝑈(𝑙 − 𝑑 + 2ℎ) cot 𝜃R . This
estimate is valid for 𝜃R < 90∘ , which is the case for most surfaces
except for superhydrophobic ones. The capillary force that resists the
shearing is scale as 𝛾(𝑙 − 𝑑). Therefore, the boundary whether the liquid
that has filled the patterning area would be retained is given by the ratio
of the foregoing forces:

2ℎ

Πretention ~ (1 + 𝑙−𝑑) Ca cot 𝜃R
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(2)

Denser and higher pillars lead to higher Πretention , which
facilitates the retention of the droplets in the patterned area. Figure 2.3b
shows that the experimental conditions having the value of Πretention
higher than a critical value lead to successful retention while those with
lower values fail.
We also verified the patterning regime with lower values of
surface tension and contact angle by mixing surfactant (TX 100) that
result in larger dimensionless numbers. As we expected, small droplets
were separated from bulk drop in all cases (Figure 2.5). However, the
microliquids were not pinned as the initial shape in higher density of
surfactant. This may allow the adjacent droplets to merge, but the
merging of droplets cannot happen in applications for cell-based assay
because the PS surface and water-based solutions have larger contact
angles and surface tension coefficients.
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Figure 2.2. Process of the microstructure-mediated liquid patterning on a
positively structured surface. A bulk drop, swept by an elastic sweeper, leaves
small droplets in the patterning area cornered by the microstructures. The liquid
patterning process consists of two steps: infiltration and retention. Scale bar:
200 μm.

２５

Figure 2.3. The effect of liquid properties and geometries to the liquid
patterning process. (a) A schematic demonstration of the success and failure of
the two patterning processes. (b) Results obtained from the dimensional
analysis are plotted on a graph with axes of dimensionless numbers. To succeed,
both of the dimensionless numbers Πinfiltration and Πretention must exceed the value
of the boundaries.
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Figure 2.4. A prototype of automatic sweeping system. The rubber roller
transports a micropatterned PS film under a fixed PDMS sweeper. This system
provides stable sweeping speed and uniform contact between the sweeper and
the film.
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Figure 2.5. Result of droplet patterning with liquids having various contact
angles on PS surfaces and surface tension coefficient. The droplets deform to
lower surface energy after retention. In the right figures, the patterning spots
are arrayed with spacing ranging from 300 μm to 1500 μm. Closely patterned
droplets merged when the liquid has low contact angle and surface tension
coefficient. Triton X 100 was added to dyed water as surfactant with volume
ratio of 0.008% and 0.02% for low and high concentration condition,
respectively. The height of pillars is 100 μm and scale bar is 2 mm.
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Surface
Liquid

tension

Viscosity

Advancing/receding

[mPa∙s]

contact angle [°]

[mN/m]
Water

72.9

0.853

92.8/72.9

50% aqueous glycerol solution

57.0

4.66

85.8/51.3

2% alginate solution

58.0

26.8

94.4/61.0

Fibrin gel pre-solution

57.2

1.33

91.4/37.2

Table 1. Physical properties of the liquids used in the experiments
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2.3.2. Comparison of microliquid trapping with a micropillar array
and microwells
Microwell devices are similar to micropillar arrays in that both
mechanisms utilize surface microstructures. Microwells are one of the
most widely used platforms for single cell studies such as selection of
hydrodoma (58), screening of circulating tumor cells (59), DNA damage
analysis (60), and genome sequencing of single cells (61). The popularity
of microwell devices is due to the compactness of the experimental
platform with thousands of trapping wells in a substrate no larger than a
glass microscope slide. Filling liquids in a microwell requires that the
free surface of the liquid makes contact with the bottom of the well
substrate, and failure to make contact results in a large rate of
unsuccessful capture. To mitigate patterning failures, many microwell
devices require hydrophilic surface treatment. In comparison,
micropillar arrays have more accessible faces for fluid entry, translating
to more opportunities for fluid capture. In this chapter, we will compare
the patterning efficiency of both structures through dimensional studies
and suggest suitable cases for each patterning method.
For a quantitative comparison of patterning with micropillar
arrays and microwells, we fabricated micropillar arrays and microwells

３０

to capture square-shaped liquids with side lengths, w, of 100, 300, and
500 µm, respectively. For pillar arrays, 100 µm by 100 µm square pillars
were arranged at center-to-center intervals of 200 µm, which was
confirmed to succeed the patterning in the previous section. Figure 2.6
shows the liquid patterning schemes on both structures and the results of
the patterning by changing the height of pillars and the depth of wells
from 10 µm to 200 µm. For the micropillar array, the patterning
efficiency increased as the height was increased while the efficiency on
the microwell decreased as the depth was increased.
The results show that micropillars are capable of capturing
microliquids at higher aspect ratios than microwells. However, the
positive pillar array requires long distance between each patterning area
to make the patterned liquid separated perfectly. Hence, microwell
devices can be used for the case that large number of samples, imaged in
a single focal plane, are required while micropillar array is suitable for
screening the development of cells in a 3D microenvironment as will be
further discussed in this paper.
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Figure 2.6. Comparison of the liquid-capturing efficiency between positive and
negative structures on PS substrates without hydrophilization. The blue dyed
water was swept over square pillar arrays whose center-tocenter gap is 200 μm
and over microwells whose one side length is 100 μm. Taller micropillars
increase the number of trapped droplets while deeper microwells decrease the
number. The graphs show the same tendency when the patterning area has
longer sides. Scale bar: 1 mm.
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2.3.3. Arrangement of micropillars for controlling volume and
shape of patterned liquids
The shape and volume of liquid can be controlled by arranging
pillars in patterned arrays as shown in Figure 2.7a-e. First, the height,
spacing, and number of pillars can be adjusted to control the volume of
the patterned liquid. By arranging pillars at a height of 100 µm on a 2X2
array at intervals of 100 µm, water droplets can be patterned with
approximate volumes of 5.5 nl. To pattern a larger volume, pillars are
placed in the boundary and added inside to guide liquids. Therefore,
liquids can be patterned on various scales from nanoliters to microliters.
Furthermore, the patterned shape of the liquid can be determined by the
arrangement of the pillars. Two rows of pillars were arranged in a curve,
and it was possible to trap liquids in the designed shapes on the surface.
In the case of patterning lquids in a pattern containing an acute angle,
there is potential for off target liquid trapping to occur on the interior of
the angle outside of the post boundaries due to the proximity of guiding
posts on either side of the patterning array. Such off target liquid
patterning can be avoided by incorporating a design which specifically
arranges the interior arrays outside of the patterned areas to have lower
values than the critical dimensionless numbers described in the chapter
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2.3.1.
The shape of the micropillars itself can also be designed to
control the patterning efficiency or the uniformity of patterned liquids. A
patterned

surface

with

arrays

comprising

of

two

bilaterally

symmetrically facing “C” shape micropillars was compared to a surface
with cylindrical four pillar arrays. It was determined that patterned arrays
with a greater number of open faces, such as the 2X2 pillar configuration,
resulted in a higher fluid infiltration rate while arrays with a larger
contact area between captured liquids and the substrate, such as the C
shape arrangements, resulted in greater uniformity of the patterned fluids.
(Figure 2.7f) The method measuring volumes of the patterned liquids is
described in supplementary information.
Although the basic form of 2X2 pillar array showed volume
variation of 10% (CV%), the expanded forms (Figure 2.7b-d) showed
smaller variation (2-5%) because most of the variation comes from the
boundary of patterning area. As a whole, the proposed microstructure
guided patterning mechanism resulted in droplets with a variability of
volumes (<10%) comparable to other microfluid patterning techniques
at the nanoliter scale: droplet microfluidics (1-3%) (62), inkjet printing
(<3%) (63), electro wetting (12-17%) (64). Further improvements in
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droplet uniformity can be achieved by controlling for environmental
humidity and by refining the uniformity of the sweeping mechanism.
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Figure 2.7. Various multi-scale liquid patterns ranging from nanoliter to
microliter scale, formed on microstructure-embossed surfaces. (a–d) All pillars
have heights and diameters of 100 μm and scale bars represent 1 mm. The
approximate volume of each pattern is as follows: (a) 5.5 nl, (b) 140 nl, (c) 850
nl, and (d) 1.3 μl. (e) A 55 mm × 55 mm array of C-shaped pillars captured
approximately 8000 droplets within a second of sweeping. Scale bar: 500 μm
(magnified image), 2 mm (large area). (f) Effect of the geometry of the pillars
on the patterning quality. Facing C-shaped microstructures result in a lower
infiltration rate, while they enhance the uniformity of trapped liquids. The black
column is DI water and the grey column is DI water with Triton X 100 (0.008%,
v/v).
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2.3.4. Single Cell Culture & Recovery Platform
Along with the development of microfabrication methods, a
number of single-cell analysis platforms have been developed (65-67).
However, only a few platforms enabled both of spatiotemporal analysis
and retrieval of a specific cell from the isolated samples. Infrared laser
mediated release of single cells trapped in microwells was introduced
(68). A separate microchannel based device integrating single particle
trap and its release using bubbles generated by IR laser was also
developed (69, 70). These platforms require perfect alignment between
the device and the laser system, and the heat generated by the laser can
lower the viability of handled cells. Dielectrophoretic (DEP) force
mediated single cell trap methods can capture single cells with a high
success rate, but they require a complex and expensive multilayered chip
with integrated electrodes and off chip circuitry (71, 72). Recently, a
microfluidic chip for single-cell trap and selective release using pressure
actuated microfluidic OR logic gate was proposed (73). Although this
platform had high efficiency of extraction, sophisticated controls were
necessary for the OR logic gate and backflow. In this chapter, we are
introducing a simple single cell analysis platform on which single cells
can be patterned, cultured, and retrieved without cross-contamination
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between nearby colonies.
We used 2X2 rectangular arrays of circular pillars (d= 100 µm,
l= 200 µm, and h= 100 µm). An array of trapping spots was molded on
a petri dish with a diameter of 60 mm. Each patterning spot has a
coordinate and an indicator to enable efficient screening and recovery.
Alginate gel containing microalgae was patterned through a simple
sweeping motion as described in the experimental section. After two
days of cultivation, single colonies grown from a single microalga was
retrieved, following the process of Figure 2.8a. We experimentally found
the cell concentration in alginic acid solution that maximizes the portion
of patterned spots having single cells. Figure 2.8b shows the distribution
of cells in trapping spots according to the cell density. The portion of
spots with a single cell was maximized at 32.8% when the density was
0.35 x 106 cells/ml. After two days of cultivation, the single cells grew
to form colonies with a top view area of 1.31 x 10-3 mm2 on average (n=7)
(Figure 2.8c). To demonstrate the retrieval of a single colony, we
patterned two types of microalgae: CC-4488, a mutant strain with green
fluorescence and CC-124, a wild type. The coordinates of patterning
spots possessing a single cell were recorded, and after two days, cell
types were distinguished according to the presence of green fluorescence
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(Figure 2.8d). Using an EDTA solution to dissolve the alginate gel, we
retrieved the single colonies of both CC-124 and CC-4488 with a
micropipette and the naked eye with the help of the coordinates and
indicators. To verify the absence of cross-contamination during retrieval
process, a genetic analysis was conducted. The extracted colonies were
cultured on agar plates with the TAP+N medium for one week to obtain
sufficient populations for gene amplification. Through GFP gene
amplification and electrophoresis, as shown in Figure 2.8e, the GFP gene
was not found in the sample without green fluorescence. This means that
this patterning platform can isolate only one cell from a sample mixed
with various strains and provide a chance to retrieve colonies consisting
of a single strain.
Even though the maximized single cell throughput of this
platform is smaller than that of other platforms using external forces, on
the scale of single cells, the throughput of this platform (32.8%) was
similar to those of other platforms following Poisson statistics: Droplet
microfluidics (<36%) (74), microwells (32%) (75), and oil-covered cell
array (32%) (76). The density of the patterning area is limited due to the
positive pillar array, however, the device can be easily and cheaply
fabricated with more patterning areas in a larger PS substrate using one
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step of solvent molding or injection molding. We expect to obtain
thousands of single cell samples in a device whose price is just one dollar.
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Figure 2.8. Single-cell patterning and retrieval platform. (a) The schematic
process of retrieval of a single colony. The platform contains x- and ycoordinates and position indicators to provide precise positions of samples. C.
reinhardtii samples embedded in alginate gel were cultured for two days, and
the samples of interest were retrieved by gel dissolution using an EDTA
solution by simple pipetting. (b) Distribution of captured cells in a single
patterning spot according to various cell concentrations. (c) Microscopic
images of single microalgae samples captured in single patterning areas (red:
autofluorescence of a chloroplast, scale bar: 200 μm). (d) Fluorescence images
of the wild-type (CC-124) and mutant strains (CC-4488) after two days of
cultivation (scale bar: 100 μm). (e) Verification of the absence of crosscontamination during the retrieval process through gene amplification and
electrophoresis. The arrow indicates a GFP gene with a length of 148 bp.
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2.3.5.

Sequential

patterning

for

co-culture

in

3D

microenvironment
In our body, cells lie in cellular microenvironment composed of
multiple cell types, extracellular matrix (ECM), and soluble factors. To
understand the interactions between the composition, there have been a
number of trials to control the cellular microenvironment (77-79).
Spatially defined co-culture platforms using soft lithograph (80-82),
negative dielectrophoresis (n-DEP) (83), and selective cell adhesion to
ECM (84) were introduced, however, they remained in 2D culture or
monolayer culture on ECM. Recently, as the importance of 3D
microenvironment is emphasized in in vitro cell culture (85), 3D coculture platforms were also developed such as microfluidic chip enabling
hydrogel confinement (86) and hydrogel directed assembly (87). The
microfluidic chip for 3D co-culture successfully patterns hydrogels with
different type of cells, respectively, but further studies by retrieving the
cells are challenging. The hydrogel assembly is soaked in medium so that
it is difficult to observe a target assembly and two times of UV exposure
for aggregation lower the cell viability. In this chapter, we are
introducing a 3D co-culture platform on open surface.
Owing to the open surface, a shell-shaped liquid is patternable,
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which was impossible in our previous research, microstructure mediated
liquid patterning in microchannels (88). Figure 2.9 shows schematic
process of sequential patterning using a shell-shaped liquid pattern.
Pillars are arrayed to form two doughnut-shaped patterns when the liquid
is swept over structures. By patterning the doughnut-shaped areas with a
hydrogel, the inner area becomes another patterning area guided by walls
of hydrogel. We demonstrated the reconstitution of an in vitro vascular
network on a designed surface. Fibrinogen solutions with HUVECs was
swept first to divide the inner areas into two loading zones. The core was
filled with acellular fibrin matrix so that the vasculature, developed from
the ECs in the inner doughnut-shaped area, can sprout into the core. The
other space guided by the two fibrin walls was filled with fibrin matrix
containing LFs. After five days of cultivation, the HUVECs grew,
forming vascular networks with the designed shape.
This 3D microenvironment with high aspect ratio provides
enough space for ECs to grow into tubular vessel network. This spatial
patterning of ECs and stromal cells enables self-formation of 3D vessel
network, which is difficult to accomplish in 2D platforms. Furthermore,
the vessel network was formed on an open surface in contrast to on-chip
vasculogenesis.55 Thus, it is expected to enhance accessibility to samples
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for further biomolecular analyses, such as western blotting. We also
expect this multi-layer patterning tool can also be used for a cancer
angiogenesis platform if adding cancer cells in fibrin matrix loaded in
the core.
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Figure 2.9. In vitro model of vasculogenesis. Endothelial cells (ECs) and lung
fibroblasts (LFs) mixed with fibrinogen solution were patterned sequentially.
A fibrin matrix containing ECs was initially trapped in two doughnut-shaped
regions through a single sweeping motion and a fibrin matrix containing LFs
was loaded into the area between the formerly patterned hydrogels. Acellular
fibrinogen solution was loaded into the core region. The ECs formed vessel
networks after five days of culture. Scale bar: 2 mm (left), 300 μm (right).
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2.4. Conclusions
In summary, we have developed a novel liquid-patterning
technique using a simple sweeping motion over a microstructured PS
substrate. When the microstructures are strategically positioned on a flat
substrate, a swept bulk drop over the surface leaves small droplets inside
the areas cornered by the microstructures. Due to the niches between the
structures, liquid can infiltrate into the structures with high aspect ratios
without surface modifications. We demonstrated a single-cell screening
platform and a 3D co-culture platform with capabilities of controlling the
shape and volume of patterned liquids. This multi-scale liquid-patterning
technique can be used for cell-based high-throughput screening and for
other biological experiments.
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Chapter 3. Aspiration-mediated microliquid
patterning using rail-based open microfluidics

3.1. Introduction
Proper understanding of interactions between various cell types is
essential in tissue engineering and design of in vitro organ models (77,
89). Microfluidic co-culture platforms embedding multiple cell types
suspended in hydrogels can recapitulate specific organ functions and
thus provide insights into complex physiological systems (90, 91).
Microstructures within these platforms facilitate the arrangement of cells
into physiologically relevant layouts (92). For example, porous
membranes may provide permeable scaffolding to reconstitute cellular
interfaces, such as the alveolar-capillary interface and the gut
microenvironment (8, 11). Micropillars or bumps can mediate meniscuspinning for precisely segregating co-cultures in hydrogels to model
vasculature (93), blood-brain-barrier (94, 95), tumor extravasation
dynamics (96), and glomerular filtration barrier (20). Ease of studying
responses to mechanical and chemical stimuli using various laboratory
imaging instruments complement the broad application space of these
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culture systems.
Selective patterning of cell-loaded hydrogels commonly guides the
gel into the desired area either by confining with surrounding pillar
structures (8, 11, 20, 93-96) or by spontaneous capillary wicking in
wettable channels (26, 97-102). The hydrogel loading guided by
surrounding microstructures and wettability patterns fails when the
hydrogel pressure exceeds a limit, or capillary-bursting pressure, causing
the gel to invade the undesired region (9, 23). Thus, a great care should
be taken to limit the injection pressure, resulting in yield variation
depending on the operator’s pipetting skill and low throughput
associated with short available time of hydrogel precursor (21).
Furthermore, the complex microscale features of such devices, achieved
typically through soft lithography, preclude application of scalable
manufacturing processes like injection molding (21, 22). Open
microfluidic devices that utilize spontaneous capillary flow along rail
structures present an alternative avenue for gel patterning without relying
on the capillary-burst valve (26, 97-102). Here, rails denote long
hydrophilic plates between which liquids are confined owing to capillary
forces, while the side areas are exposed to surrounding fluids (101). In
general, the air-liquid interfaces in rail-based microfluidics are highly
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sensitive to the volume of liquid dispensed, thus making it difficult to
accurately locate boundaries of patterned cell-laden hydrogels (102).
We here introduce a novel hydrogel micropatterning technology,
which yields agile, easy and accurate formation of hydrogel patterns with
only a simple pipetting activity, aspiration. The scheme relies on the
capillary holding capacity of rail-based microstructures against
aspiration upon their geometry, which can be tailored to leave hydrogel
precisely in desired location. Although delineated below in detail, the
working principle is based on the dynamic characteristics of a solidliquid-gas contact line that it starts to recede when the local contact angle
gets smaller than the critical receding angle. By defining where the
recession starts and stop with geometric parameters like aspiration port
diameter and rail height, we can selectively remove hydrogel from
undesired regions. Experiments using simplified structures confirm
theoretical design rules. Proper design provides control over the
sequence of microchannel formation, which enables the formation of
multiple discrete channels with a single aspiration. A proof-of-concept
device featuring four microchannels separated by hydrogel structures is
shown to be able to co-culture five distinct cell types. Our rail-based
open microfluidic devices are amenable to fabrication by injection
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molding, thereby suggesting their great potential as an easy-to-use coculture platform with low cost and high manufacturing scalability.

3.2. Materials and Methods
3.2.1. Fabrication of open microfluidic devices
Digital light projector (DLP) 3D Printing (perfactory mini 4,
EnvisionTEC) produced the bodies of open microfluidic devices with a
photo curable resin (PIC100, EnvisionTEC). Rinsing with isopropyl
alcohol in an ultrasonic cleaner for 15 min followed by curing ultraviolet
curing (1500 W, 2 min) thoroughly solidified the printed pieces. Vapor
deposition of parylene (LAVIDA, Femto science) onto the 3D printed
parts ensured device biocompatibility. Attaching the bottom side of the
printed part to a pressure sensitive adhesive (PSA) film completed the
open microfluidic devices. Air plasma treatment of the device (70 W, 3
min) prior to fluid injection imparted hydrophilicity to the device surface
for facilitating patterning of fluids under rail structures.

3.2.2. Cell culture
Cell culture experiments utilized human umbilical vein endothelial
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cells (HUVEC, Lonza) cultured to passages between 4 and 7 in
endothelial growth medium (EGM-2, Lonza), and normal human lung
fibroblasts (LF, Lonza) cultured up to passage 7 in fibroblast growth
medium (FGM-2, Lonza). CCD-18Co, HepG2, U87MG and H1299 cells
were cultured in RPMI 1640 (Thermo Fisher) supplemented with 10%
of FBS, penicillin (100U/ml) and streptomycin (100U/ml). 0.25%
trypsin–EDTA (HyClone) facilitated detachment of cultured cells from
the culture dishes. Re-suspension with appropriate amounts of culture
medium provided target cell densities before mixing the cell suspension
with bovine fibrinogen solutions in ratios of 3:1.

3.2.3. Hydrogel micropatterning
3D printed rail structures consisted of HRs surrounded by LRs. HRs
housed holes that served as ports for injection of fluids and air infiltration.
Injection of fluid via a micropipette through a port in the HR and
immediate aspiration generated micropatterned fluid under LRs.
Subsequent cross-linking of the solution resulted in patterned hydrogels
and adjacent microchannels. Visualization of the patterns employed a
solution of bovine fibrinogen (5 mg/ml, Sigma) dissolved in water and
mixed with green food dye. Mixing with 25 U/ml of thrombin (Sigma)
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solution in a 30:1 ratio (v/v) at room temperature began the
polymerization reaction of fibrinogen to fibrin. Exposing the loaded
device to ambient conditions for 5 min resulted in fully crosslinked green
dyed fibrin gel.
For microfluidic co-cultures, fibrinogen solution (10 mg/ml) mixed
with cell suspension in ratios of 1:3 (v/v) yielded cellular gels with a final
fibrinogen concentration of 2.5 mg/ml. Mixing with thrombin solution
(25 U/ml) in a 50:1 ratio immediately before injection into the fluid ports
began the polymerization reaction. Immediate patterning and incubation
in a cell incubator (37°C, 5% of CO2, 3 min) resulted in fully crosslinked
fibrin gel encapsulating cells. Culture of the cellular gels involved adding
EGM-2 into each well of the device, followed by incubation for five days
with media changes every two days.

3.2.4. Image analysis
A digital microscope (AM4115TW, Dino-Lite) captured time-lapse
images of microchannel formation and images of various microchannel
designs. Image analysis using ImageJ of 3D printed bodies provided
measured diameters of fluid ports. Labeling of HUVECs with a mouse
monoclonal antibody specific for human CD31 (AlexaFluor®488
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conjugated, BioLegend) following supplier’s instruction allowed
comparison of vasculogenic capacities of various cell types. Confocal
microscopy (A1, Nikon) imaged labeled samples through optical zsectioning (100 and 5 μm in depth and interval, respectively). Image
analysis for vascularized area measurement utilized Z-projection and
conversion to binary images using auto threshold in Fiji following the
“Li” method.

3.3. Results
3.3.1. Microstructures for aspiration-mediated patterning
Our rail-based open microfluidic platform consists of a 3D printed
structure of photo curable resin having rails of different heights to retain
liquid with different strengths and surrounding walls, which is bonded to
an underlying pressure sensitive adhesive (PSA) film (Figure 3.1a). The
length of the rail, l, is 5 mm, and the width of low and high rail, 𝑤𝑙 and
𝑤ℎ , is uniformly 1 mm. The heights of low and high rails are respectively

h=100 mm and H=300 mm. Two through-holes at the ends of a high rail
function as fluid ports for liquid injection and aspiration. Air plasma
treatment activates the surface of the device by increasing hydrophilicity.

５３

Figure 3.1b illustrates the basic working principle of the novel patterning
process of hydrogel, which allows us to form hollow microchannels
surrounded by precisely defined hydrogel patterns. We first inject a
hydrogel precursor solution through one of the fluid ports, which fills the
area under all rails and runs along the corner of the wells (the second
column of Figure 3.1b). Upon aspiring through the open port, the liquid
is sucked into the pipette only from the region below high rail, while the
low rail strongly retains the liquid (the third column of Figure 3.1b). The
result is the hollow microchannel defined by the empty region under the
high rail with the hydrogel remained pinned by the low rail (the fourth
column of Figure 3.1c). In the following, we delineate the physical
principle behind this selective removal and controlled pinning of
hydrogel patterns, which leads to various hygrogel-based channel
structures and facile fabrication of cell co-culture systems.
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Figure 3.1. (a) Schematic exploded view of a rail-based open microfluidic
device, which is designed to yield a single channel beneath the high rail. (b)
Illustration of steps in the aspiration-mediated microchannel formation process.
The bottom row features optical images taken through the clear PSA film from
the underside of the device during filling and aspirating green dyed water.
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3.3.2. Theoretical analysis of microchannel formation
As the pressure at an open port is lowered by aspiration with a
micropipette, the interior pressure of the hydrogel is also lowered. The
Young-Laplace equation states that the liquid-gas interface of the
hydrogel originally filling the gaps caves inward, Figure 3.2, due to the
pressure difference between the atmosphere ( 𝑝𝑎 ) and the liquid ( 𝑝𝑙 ):
∆p = 𝑝𝑎 − 𝑝𝑙 = γκ, where γ is the gas-liquid interfacial tension and κ

is the interface curvature. The contact line where the gas-liquid interface
meets the solid surface is initially immobile while resisting the pulling
force because it can recede only when the contact angle is reduced below
the critical receding contact angle, 𝜃R,c (103). We experimentally found
that 𝜃R,c is nearly zero for hydrogel on the hydrophilized 3D printed
part of resin and PSA film surfaces. The patterning of hydrogel that
originally fills the gaps under both high rails (HRs) and low rails (LRs)
critically depends on where the interface starts to recede first by reaching
𝜃R,c.

For the initially hydrogel-loaded configuration, the liquid-gas
interfaces arise at the open port and the side areas of liquid beneath LRs.
For the open port of diameter D, the maximum pressure difference that
the interface can withstand before the contact angle on the inner wall of
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HRs reaches zero, ∆𝑝𝑜 , corresponds to the pressure difference for a
hemispherical interface with the maximum curvature of 4/𝐷: ∆𝑝𝑜 =
4𝛾/𝐷. The capillary pressure at the interface beneath LRs is given by
∆𝑝 = γ(2 cos 𝜃 /ℎ + 1/𝜂), where 𝜃 is the instantaneous contact angle of

liquid, and 𝜂 is the radius of curvature on a plane parallel to the
substrate. As 𝜂 is scaled as 𝑙, the length of rails, we get ℎ ≪ 𝑙, which
allows us to estimate the maximum pressure difference for the side area
below LRs as ∆𝑝L = 2𝛾/ℎ.
If ∆𝑝𝑜 < ∆𝑝L , the critical liquid pressure for interface recession is
reached at the open port before the side area. Once burst at the open port,
the interface spontaneously bulges accompanying the decrease of
interface curvature to meet the bottom substrate. Then the interface
curvature is newly defined by the height (H) and width (wH) of HR. The
critical capillary pressure that can induce interface recession beneath
HRs is given by ∆𝑝H = 2γ(1/𝑤H + 1/𝐻) . If ∆𝑝𝑜 > ∆𝑝H , the liquid
pressure is already low enough to ensure continuous recession of the
liquid beneath HR. If ∆𝑝𝑜 < ∆𝑝H < ∆𝑝L , further decrease of the liquid
pressure upon bursting of the open port can cause the liquid to recede
along a lane beneath HR. The liquid will stop upon bursting at the open
port and recede beneath LRs, rather than HRs, if ∆𝑝H > ∆𝑝L .
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Figure 3.3 displays the experimental results of hydrogel patterning
for different geometries of microdevices. In the left column, ∆𝑝L is
greater than both ∆𝑝𝑜 and ∆𝑝H , and thus the interface recession occurs
from the open port, continues beneath HR, to result in a straight empty
lane flanked by the hydrogel beneath LR. In the middle column, the side
areas beneath LRs burst before the open port because ∆𝑝L < ∆𝑝𝑜 . In the
right column, the open port bursts first because ∆𝑝L > ∆𝑝𝑜 , but further
decrease of the liquid pressure bursts the side areas beneath LRs before
the interface from the open port starts to recede beneath HR.
Figure 3.4 displays the experimental results of microchannel
formation as a function of the geometry of device, such as the port
diameter and the heights of low and high rails. In Figure 3.4a, we can
predict where the interface recession onsets upon aspiration, whose
criterion is given by ∆𝑃𝐿 = ∆𝑃𝑜 , or 𝐷 = 2ℎ. For 𝐷 > 2ℎ, we get ∆𝑃𝐿 >
∆𝑃𝑜 , and thus the port bursts first, leading to successful channel formation

in the beginning. Otherwise, the interface moves at the side area of LR
before at the port, preventing the formation of the microchannel under
HR. Figure 3.4b gives the condition of the height of HR to ensure that
the interface formed from the open port keeps receding while the
interface beneath LR remains pinned. The corresponding boundary is
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given by ∆𝑃𝐿 = ∆𝑃𝐻 , or 𝐻 = ℎ/(1 − ℎ) . For 𝐻 > ℎ/(1 − ℎ) , we get
∆𝑃𝐿 > ∆𝑃𝐻 , leading to continuous recession of the interface from the

open port. Otherwise, the interface under LR starts to recede, eventually
merging with the interface originated from the open port. We see that our
experimental results agree well with the theoretical predictions in Figure
3.4.
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Figure 3.2. Schematic diagrams indicating key device dimensions and the
Laplace pressures of menisci (a) immediately after aspiration, (b) as the port
interface deforms, and (c) as the receding interface travels along HR.

６０

Figure 3.3. Meniscus dynamics during aspiration under three different
combinations of critical capillary pressures. The dimensions of the structures
are such that [H, h, D]=[300, 100, 300] μm, (Left column), [300, 200, 300] μm
(middle column), [200, 175, 500] μm (Right column). Lengths and widths of
all rails are fixed as 5 and 1 mm, respectively.
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Figure 3.4. (a) Plots of the effects of port diameter and LR height on bursting
at the open port. (b) Plots of the effects of HR height and LR height on
formation of microchannel. Shaded regions demarcate dimensions suitable
(green) and unsuitable (red) for microchannel formation based on the
theoretical calculations. Markers indicate successful (green) and unsuccessful
(red) microchannel formation in experiments. Lengths and widths of all rails
are fixed as 5 and 1 mm, respectively.
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3.3.3. Formation of multiple discrete microchannels
Studies of fluid dynamics under the basic rail structure verify that
the air-liquid interface with the smallest critical capillary pressure tends
to move first along the rail. Leveraging this phenomenon can provide
control over the sequential formation of discrete microchannels with a
single aspiration. Figure 3.5 and 3.6 exemplify multiple channel
formation using various critical capillary pressures at air-liquid interface
pinned at holes. In this device, a rectangular LR, 75 μm from the
underlying PSA film surrounds ‘S’, ‘N’, and ‘U’ shaped HRs, 300 μm
apart from PSA. The diameter of fluid ports decreases in the order of S1
to U1 as listed in the table in Figure 3.5 while U2 has the largest port
diameter. When aspirating dyed water filling under the rail structure from
the port labeled ‘U2’, the air-liquid interface at the largest opposing port
(S1) begins traveling along the rail to form an ‘S’ shaped microchannel
(the second panel of Figure 3.3b). As the suction continues at U2, the airliquid interface at the next largest port (N1) now begins to recede (the
third panel of Figure 3.3b). Consequently, microchannels with shapes of
‘S’, ‘N’, and ‘U’ form via a single aspiration process through one port as
shown in Figure 3.5.
During multiple channel formation, differences in port diameter
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within the same channel lead to orderly movement of the air-liquid
interface. If ports of the same diameters are employed, air can infiltrate
into the channel through the identical ports simultaneously, to form a thin
film of liquid between the infiltrating air from the two ports, as shown in
Figure 3.7. Breaking the thin film to form a continuous microchannel
requires additional pressure drop since foam films have larger Laplace
pressures than droplets of equal curvature, owing to the presence of two
air-liquid interfaces (103). In the video, a continuous microchannel
forms in the top right HR because it contains the port of aspiration, and
thus only a single port for air infiltration. In contrast, a similar device
employing asymmetrical port sizes in each HR exhibits unidirectional
movement of air-liquid interfaces beneath HRs as shown in Figure 3.8.
This unique liquid patterning technique enables versatile rendering
of microchannel in hydrogels. Figure 3.9a and b show devices with
multiple hydrogel channels arranged in parallel lines and a lattice of
squares, respectively. Figure 3.9c and d respectively highlight the ability
of our scheme to generate a single circular and two concentric channels.
We note that the circular designs can facilitate investigation of radial
interaction between patterned cells as described earlier (104).
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Figure 3.5. An open microfluidic model for rendering multiple discrete
microchannels using different port sizes. An image of the underside of a device
with three HRs in the shapes of ‘S’, ‘N’, and ‘U’, surrounded by a rectangular
LR (scale bar: 2 mm). Loading and aspiration occur through port U2. Opposing
port sizes decrease from S1 to U1 as indicated in the bottom table.
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Figure 3.6. Sequential snapshots (top to bottom) viewed from the bottom of the
device during aspiration. Air-liquid interfaces preferentially advance from the
largest port to the smallest port. Red arrows indicate the aspirating port, U2.
(Scale bar: 2 mm)
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Figure 3.7. Sequential snapshots viewed from the bottom of a square-shaped
device during aspiration. Air-liquid interfaces at both holes connected with a
single channel burst into the area under HRs due to the identical hole size,
resulting in thin film formation of liquid. Arrows indicate the thin film of liquid.
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Figure 3.8. Sequential snapshots viewed from the bottom of a square-shaped
device during aspiration. Air-liquid interfaces pinned at larger holes burst into
the area under HRs, resulting in unidirectional movement of interfaces,
resulting in formation of four channels.
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Figure 3.9. Bottom view images of devices with multiple green hydrogel
channels organized into (a) parallel lines, (b) a square lattice, (c) a circle, and
(d) concentric circles. Scale bar, 2 mm.
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3.3.4. An application for screening vasculogenic capacities
Modification of the device in Figure 3.9b provides a platform
for convenient and effective comparison of paracrine signaling induced
by co-culture of five cell types. Here, the microfluidic device contains
four linear HRs surrounded by a square LR (Figure 3.10a and b). Four
support structures suspend the rail structures by connecting them to the
well walls, which form growth medium reservoirs when bonded to a PSA
film. Patterning of a fibrin hydrogel (2.5 mg/ml) containing a mixture of
human umbilical vein endothelial cells (HUVEC, 4 x 106 cells/ml) and
lung fibroblasts (LFs, 1 x 106 cells/ml) under the LR, and subsequent
seeding of gels containing different cell types into the rendered
microchannels establishes the basic experimental setup. The present
studies involve eleven devices with channels containing different
combinations of LFs, colon fibroblast cell line (CCD-18Co), liver cancer
cell line (HepG2), glioblastoma cell line (U87MG), and lung carcinoma
cell line (H1299). All gels contain cell concentrations of 5 x 106 cells/ml
except for an acellular fibrin gel as a control. Figure 3.11a presents a
confocal image of an exemplary device taken after 5 days of cultivation.
Regions of interest (ROI) measuring 1 x 1.8 mm2 in area, which is
located around each HR, encompass the interfaces between the HUVEC-
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LF gel and the gels containing cells of interest. Analysis of z-projected
confocal images yield quantification of the vasculogenic capacities of
the cells of interest (Figure 3.11 and 3.12). In alignment with previous
studies (93, 100, 105), LFs vigorously promote formation of vasculature.
Furthermore, acellular gels and gels containing LFs exhibit angiogenic
sprouting into the channels. On the other hand, U87MG and H1299 gels
inhibit the growth of surrounding vessels and do not provoke cancer
angiogenesis. Gels containing CCD-18Co and HepG2 show no
significant difference in vasculogenic capacity compared against the
acellular matrix. The results of these tests corroborate the ability of the
platform for screening candidates for cancer angiogenesis in vitro.
Furthermore, the versatility of the channel rendering method supports
facile device adaptation to study a broad range of paracrine signaling
cues in various conformations.
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Figure 3.10. An open microfluidic design of multiple channel rendering for
screening vasculogenic capacities of multiple cell types. (a) Bottom view image
of microfluidic device with four channels and a square shaped LR. (b)
Illustration of device dimensions.
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Figure 3.11. Confocal fluorescence images of the vasculogenic co-culture
model showing CD31 labeled HUVECs with green fluorescence. (a) A confocal
image displaying vessel network under the whole culturing area under rail
structure. Red dashed box delineates an example region of interest (ROI). (b)
Representative confocal micrographs of ROIs in channels containing different
cell types. Scale bar, 300 μm.
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Figure 3.12. Plot of vascularized area within the ROIs for each cell line.
Statistical significances (*p < 0.05 , **p < 0.01, and ***p < 0.001) result from
unpaired two-tailed Student’s t-tests for comparison with the ‘Gel only’
condition.
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3.4. Conclusions
The reported hydrogel patterning method based on interfacial
capillary dynamics and associated device design strategies form the
foundation of a new class of aspiration-mediated open microfluidic
devices featuring versatile designs and simple operation. The rail
structures in these devices, composed of different heights of rails with
embedded fluid ports, embody varying critical capillary pressures at each
air-liquid interface. Systematic studies corroborated by theoretical
models reveal fundamental design rules based on the relationships
between geometric parameters of these structures and the capillary
pressures. Leveraging these insights serves the development of devices
where aspiration selectively removes injected hydrogel precursor
beneath high rails to leave behind precisely rendered microchannels.
Furthermore, this concept extends to the generation of multiple discrete
channels via aspiration from a single fluid port, enabling a wide range of
patterning designs with simple fabrication. A demonstrated highthroughput co-culture model for assessing vasculogenic capacities of
multiple cell types highlights the practical applications of the multiple
channel formation method.
These rail-based microfluidic devices allow simple and robust
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patterning based on aspiration, dramatically enhancing experimental
throughput and mitigating users’ error faced by conventional approaches.
When using hydrogel as ECM, simplified patterning process increases
the number of samples obtained from a single mixture of hydrogel
precursor during cross-linking. The shortened patterning time can also
enhance uniformity in properties of hydrogels between samples.
Furthermore, the simple geometries of the rail structure are compatible
with scalable manufacturing techniques such as injection molding. The
enhanced experimental throughput and productivity offered by the
outlined strategies can contribute to new high-throughput screening
models and accelerate commercialization of microfluidic cell culture
models.
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Chapter 4. High-throughput microfluidic 3D
cytotoxicity assay for cancer immunotherapy
4.1. Introduction
Adoptive transfer of ex vivo cultured/engineered cytotoxic
lymphocytes (CLs) is arising as a promising approach to treat cancers
(106). In particular, T cells expressing chimeric antigen receptor (or
CAR-T cells) have been extremely successful in the treatment of CD19
expressing leukemia and lymphoma (107-109). The success has led to
FDA approval of two CAR-T cell-based therapies, Kymriah (Novartis)
and Yescarta (Gilead), and new CAR engineering strategies have been
studied to improve the performance, reduce toxicity, and broaden
applications of CAR-T therapy (110, 111). In addition, NK cells and γδ
T cells, which exhibit low cytotoxicity and minimum graft-versus-host
disease in allogeneic transfer compared with T cells, have been
developed as alternatives of CAR-T cells as an off-the-shelf therapeutics.
(112, 113) In spite of these efforts, the performance of adoptive
transferred CLs against solid tumors is still limited due to complex tumor
microenvironment (TME) that limit trafficking and effector functions of
CLs

(114,

115).

In

addition

to
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highly

immuno-suppressive

microenvironments caused by acidic and hypoxic conditions and
enrichment of suppressive cells (116-118), fibrotic tumor stroma is an
important factor limiting successes of cancer immunotherapy by acting
as a physical barrier for CLs to access tumor cells (119, 120). Therefore,
various factors comprising TME need to be considered for the
development of engineered CLs for solid tumors.
Cytotoxicity assay measuring killing ability of CLs is one of the
most critical assays for the development of CLs for cancer
immunotherapy. Chromium or calcein release assay based on the
measurement of released radioactive

51

Cr or fluorescence calcein from

lysed cancer cells has been a standard method for assessing cell-mediated
cytotoxicity (121, 122). These methods have been widely used because
cytotoxicity can be assessed simply by co-culturing CLs with tumor cells
loaded with 51Cr or calcein. In addition, these assays are compatible with
96 well formats, thus can be performed in high-throughput fashions.
However, in these assays, tumor cells are either adhered on flat surfaces
or suspended in medium, thus complex TME in solid tumors limiting CL
activity are lacking.
Microfluidic-based platforms, which allow the reconstitution of
complex 3D microenvironments of human tissues in in vitro by
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compartmentalization of multiple cell types, applying chemical and
mechanical stimulations, and controlling chemical gradient (123), can be
a powerful method for the assessment of lymphocyte cytotoxicity for
solid tumors (124). Recently, microfluidic chips based on poly(dimethyl
siloxane) (PDMS), a common material for microfluidics, were
developed as preclinical models to evaluate antitumor activities of
engineered T cells expressing T cell receptors specific for tumor antigens
(or TCR-T cells) (125, 126) or engineered NK cells expressing Fc
receptors (127) in 3D microenvironments recapitulating various aspects
of TME. Specifically, microfluidic chips compartmentalized with 3D
ECM gels containing tumor cells and TCR-T cell loading zones were
used to assess the roles of hypoxia, inflammatory cytokines,
immunosuppressive conditions induced by mTOR inhibitors, and
monocytes on the cytotoxicity of TCR-T cells (125, 126), and
microchips filled with ECM gels containing tumor cell spheroids and
perfusable tubular vasculatures were used to recapitulate TME for NK
cell trafficking toward solid tumors and to test combination of immunostimulatory biologics with NK cell therapy (127). However, the devices
aforementioned requires labor and time intensive batch fabrication
processes because the device was made of PDMS (128).
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In this study, we introduce a 3D cytotoxicity assay using an
injection molded plastic array culture (CACI-IMPACT) platform with
which we can monitor both migration and cytotoxic activity of CLs in
3D microenvironment, by customizing our previous IMPACT device
(99). We adopted extracellular matrix (ECM), which is a basic
component of TME and did not exist in the standard protocols of
cytotoxicity assays. ECM acted as physical barrier to restrict CLs from
access cancer cells embedded in it. The limited accessibility resulted in
low cytotoxicity compared with 2D assay. In addition, fibrotic ECM of
TME was reconstituted by using denser collagen which lowered
migration and cytotoxicity in observation of large area, but induced
faster lysis process than sparser ECM. Furthermore, we improved the
assay throughput compared with PDMS devices due to enhanced
productivity oriented by changing material and usability mediated by
rail-based microstructures. This model allowed us to test the effect of the
physical properties of the 3D microenvironment on cytotoxic activity
and we expect that this model can be used for high-throughput screening
platform for estimating the efficacy of engineered lymphocytes in more
in vivo like environment than conventional assays.
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4.2. Materials and Methods
4.2.1. Cell culture
HeLa cells were cultured in Dulbecco's modified eagle's medium
(DMEM) with 10% of fetal bovine serum (FBS) and 1% of penicillin–
streptomycin (PS). NK-92 cells were cultured in minimum essential
media alpha (MEM α) with 15% of FBS, 15% of horse serum (HS) and
1% of PS and other supplements, including myo-inositol (0.2 mM), 2mercaptoethanol (0.1 mM), folic acid (0.02 mM). NK-92 cells were subcultured in every two days in 6 ml of the full medium and 1200 units of
Interleukin-2. Sub-culture was conducted in T25 flasks with cell
concentration of 105 cells/ml.

4.2.2. Fluorescent labeling of live and dead cells
HeLa cells were labelled with CellTrace™ CFSE Cell Proliferation
Kit (Thermo fisher, C34570) by incubating the cells in serum free
DMEM with 2 μM of CFSE for 30 minutes. NK-92 cells were labeled
with CellTrace™ Far Red Cell Proliferation Kit (Thermo fisher, C34572)
by incubating the cells in serum free MEM α with 2 μM of the reagent
for 20 minutes. To detect dead cells, propidium iodide (PI) was used. For
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live imaging, PI-containing medium was used from the beginning of
imaging. For imaging after 24 h of NK-92/HeLa co-culture, the medium
was replaced with PI-containing medium 30 min prior to imaging.

4.2.3. 3D cytotoxicity assay using gel patterned device
CFSE-labeled HeLa cells were mixed with collagen gel presolution, which is a mixture of rat tail oriented collagen type Ⅰ (Corning,
354249) with concentration of 9 mg/ml and 150 mM HEPES buffer at
2:1 ratio (v/v). The collagen pre-solution containing HeLa cells were
patterned under the low rails of a CACI-IMPACT device (Figure 4.3a)
following air plasma treatment with 70W for 3 min. The device was
incubated in a cell culture incubator with 37℃ and 5% of CO2 for 30 min
to crosslink the collagen. The cross-linked collagen gel blocks were
immersed in media and further incubated for 24 h in the cell culture
incubator. NK-92 cell suspension (2 x 106 cells/ml, 2 μl) was loaded into
the channel, and the device was stored in the incubator for 20 min at an
angle of 90 degrees to let the NK-92 cells settle down on one side of the
collagen block encapsulating HeLa cells. Then, the two medium
reservoirs were filled with MEMα, and the devices were stored in the
incubator for 24 h, or in a live imaging system. PI was added in the
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medium, and fluorescence images were acquired to assess cytotoxicity.

4.2.4. Image analysis
Time-lapse images were acquired using an inverted microscope
system (Nikon eclipse Ti-E). Endpoint images of NK-92/HeLa coculture were acquired using a confocal microscope (Nikon Ti 2 A1)
through optical z-sectioning (depth: 100 μm, interval: 4 m). For image
analysis, we used Fiji. Z-projected images were used for display and the
images were converted into binary images using auto threshold (‘Mean’
method) in Fiji for quantitative analysis. The number of NK cells in each
sub-region was estimated by dividing the total area of NK cells into the
average single NK cell area. Similarly, the percentage of killed HeLa
cells were estimated using HeLa cell areas. Since live HeLa cells
exhibited extended morphology whereas dead HeLa cells were rounded,
areas of dead HeLa cells were converted to those of equivalent number
of live HeLa cells by multiplying an average ratio of single live and dead
HeLa cell area. Finally, the percentage of killed HeLa cells were
calculated by (converted dead HeLa cell area)/(live HeLa cell area +
converted dead HeLa cell area). Five unbiased students manually
selected 20 NK and HeLa cells respectively and the average areas of the
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selected 100 NK and HeLa cells were used for single cell area of each
cell type.

4.2.5. 2D cytotoxicity assay
CFSE-labeled HeLa cells were plated in each well of a 24 well-plate
(6 x 104 cells/well) and cultured for 24 h. Then, various numbers of NK92 cells were added to the well, and HeLa and NK-92 cells were cocultured for another 24 h. PI was added to the media to have final
concentration of 3 μM, and the percentage of dead HeLa cells were
measured by fluorescence microscopy.

4.3. Results
4.3.1. Design and fabrication of devices
To fabricate microfluidic devices for cytotoxicity assays in 3D
ECM gels, we first designed and fabricated injection molded
microfluidic devices that enable facile hydrogel patterning (Figure 4.1).
To efficiently observe cytotoxic activity of CLs through fluorescence
microscopes equipped in typical biology labs, the device was designed
to have the same dimension as a standard microscope slide (3″ x 1″), and
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rail-based microstructures under which cytotoxicity assays would be
conducted were embedded in 2 x 6 rectangular array of wells with the
same pitches as the conventional 96 well-plate (Figure 4.1a). The railbased microstructures for hydrogel patterning is composed of two
primary patterning rails (low rail, or LR), which are 100 μm apart from
the bottom surface, and one secondary patterning rail (high rail, or HR),
500 μm apart from the bottom surface (Figure 4.1b). The rail-based
microstructures allowed spatially compartmented hydrogel patterning to
be performed by a simple and fast patterning process (Figure 4.2). First,
the surfaces of the device are hydrophilically modified via air plasma
treatment. Next, hydrogel pre-solution was injected through an injection
hole to fill the entire microstructures (Figure 4.2a), and subsequently
aspirated away by pipetting. Due to the hydrophilicity of the surfaces,
only hydrogel pre-solution underneath LR regions remained (Figure
4.2b). Importantly, this process can be performed for 12 wells in a slide
within 30 s. After crosslinking the hydrogel underneath LR regions, the
second solution was loaded underneath the HR region to form two
separate compartments (Figure 4.2c). Compared with the PDMS devices
widely used in microfluidics that requires tedious batch processes for
fabrication, this injection molding-based device can substantially
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enhance throughput of the assay because the devices can be massively
produced. In addition, hydrophilic rail-based microstructures permit
hydrogel patterning to be conducted by simple pipetting, thus entire
devices can be readily fabricated without requiring any sophisticated
equipment/techniques.
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Figure 4.1. A CACI-IMPACT platform and its working process. (a) Rail-based
microstructures are embedded in microwells with 96 well plate format and the
structures are integrated in a 2 x 6 rectangular array. Water tanks are allocated
in both sides to maintain humidity in samples. (b) Schematic top and section
view of a single well. The microstructure in a single well consists of two low
rails (LRs) for primary hydrogel patterning and one high rail (HR) to form a
channel for secondary fluid patterning after hydrogel cross-linking.

８７

Figure 4.2. Procedure of using the device. Once a hydrogel pre-solution is filled
and withdrawn through an injection hole, the solution remains only underneath
LRs. When the hydrogel is cross-linked, a microfluidic channel is formed where
another fluid can be loaded.
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4.3.2. Cytotoxicity assay in 3D ECM environment
Using the hydrogel patterning technique, we first fabricated
collagen gels encapsulating HeLa cells underneath LR regions (Figure
4.3a Day 0), and cultured for one day. Then, NK-92 cell suspension was
loaded next to the collagen gel, and the device was tilted to 90o for 20
min to accumulate NK-92 cells on one side of the collagen gel by
sedimentation (Figure 4.3a Day 1). NK-92 cells attached on the collagen
gel surfaces penetrated into collagen gel blocks and migrated toward
HeLa cells to exert cytotoxicity. Figure 4.3b shows the initial state of the
assay on Day 1.
HeLa cells and NK-92 cells were labeled with two distinct
fluorophores, and propidium iodide (PI), a fluorescence dye labeling
dead cells, was added in the media to visualize dead cells. In this way,
we can simultaneously observe NK-92 cell migration and cytotoxicity
along the collagen matrix containing HeLa cells by live imaging (Figure
4.4 and 4.5). NK-92 cells uniformly deposited on collagen block at the
beginning of imaging penetrated and migrated into collagen matrix as
shown in time-lapse images acquired with a low magnification objective
lens (Figure 4.4). As NK-92 cells propagated into collagen gels, PIstained HeLa cells near NK-92 cells increased, meaning NK-92 cells
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exerted cytotoxicity against HeLa cells in collagen gels. Detailed
procedures in CL-mediated cytotoxicity of cancer cells, rounding by
detachment and subsequent membrane permeabilization allowing PI
incorporation (129), can be visualized by time-lapse images using a high
magnification objective lens: CFSE-labeled HeLa cells turned round
after they made contact with NK-92 cells, followed by PI uptake (Figure
4.5).
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Figure 4.3. Procedure of 3D cytotoxicity assay and its outputs. (a) Schematic
process of the assay. HeLa cells embedded in collagen were patterned under
low rails (Day 0). After 24 hours of cultivation, NK-92 cells were loaded into a
microchannel formed by the hydrogel. By tilting the device at an angle of 90
degrees, NK-92 cells were deposited on a collagen block (Day 1) and cultured
for additional 24 hours to observe migration and cytotoxic activity of NK cells.
(b) Initial state of the assay (Day 1).
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Figure 4.4. Live monitoring of migration and cytotoxic activity of NK-92 cells
with 10X objective lens. NK-92 cells (white) penetrate into collagen matrix
where HeLa cells are encapsulated. Propidium iodide (Red) displays dead cells.
Time is indicated in HH:MM in the top right corner of each image.

９２

Figure 4.5. Live monitoring of migration and cytotoxic activity of NK-92 cells
with 20X objective lens. NK-92 cells (white) penetrate into collagen matrix
where HeLa cells are encapsulated. Propidium iodide (Red) displays dead cells.
Time is indicated in HH:MM in the top right corner of each image.
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4.3.3. 3D ECM reduce cytotoxicity

With this experimental setting, we first investigated how the
presence of ECM and the density of cancer cells influenced NK cell
cytotoxicity. HeLa cells in two different cell densities (0.8 x 106 cells/ml
and 3.2 x 106 cells/ml) were encapsulated in collagen gels (3 mg/ml)
while the NK-92 cell density added in the media was fixed (2.0 x 106
cells/ml), thus effectively total NK-92:HeLa were 5:1 and 20:1, typical
ratio used for conventional cytotoxicity assays. Fluorescence images of
square region of interest (ROI) with a side length of 700 μm, which is
the dimension of the low rail width under which NK cells interact with
HeLa cells, were acquired using a motorized stage 24 h after NK-92 cell
seeding. The ROI was divided into seven sub-regions with a width of
100 μm, R0 to R6 (Figure 4.6). The number of NK cells penetrated into
the collagen gels and the percentage of killed HeLa cells, or PI-labeled
HeLa cells, in each sub-region were measured and plotted (Figure 4.7a
and 4.7b). R0 and R6 were not considered because they were located
near the interface between collagen gel and liquid media where capillary
force-mediated meniscus formed (Figure 4.6), thus boundaries were not
clearly defined in some cases.
NK-92 cell number was the highest in R1, and gradually decreased
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as the sub-region became deeper (Figure 4.7a). NK-92 cells exhibited
significantly higher cell numbers in all sub-regions for the lower HeLa
cell density, or 20:1, than the case of 5:1 except for R1 (Figure 4.7a).
Similar trends were observed for HeLa cell killing, as HeLa cell killing
requires close proximity of NK-92 cells and HeLa cells (Figure 4.7b).
These results indicate that HeLa cells in collagen gels hold NK-92 cells
nearby by forming dynamic immunological synapses (130), thus NK-92
cell migration toward deeper sub-regions gets delayed until they kill
substantial fraction of HeLa cells. Percentages of killed HeLa cells in
entire sub-regions R1-R5 were measured and compared with 2D
cytotoxicity assays performed with equivalent NK-92:HeLa ratio. In 2D,
NK-92 cells killed ~ 90% of HeLa cells regardless of the ratio, whereas
significantly lower percentage of HeLa cells were killed in 3D, and the
higher HeLa cell killing occurred with the NK-92:HeLa ratio of 20:1.
These results indicate that accessibility of cancer cells is a limiting factor,
and migration of CLs is a rate limiting step in cytotoxicity in 3D ECM
microenvironments.
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Figure 4.6. Images taken after 24 hours of interaction of NK cells and HeLa
cells in two NK-92:HeLa ratios. HeLa cells (green) and NK-92 cells (white)
are displayed in upper images and lower images show live/dead HeLa cells at
the same moment with the upper images.
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Figure 4.7. 3D ECM reduces cytotoxicity by limiting cancer cell

accessibility. (a) The numbers of NK cells and (b) the percentage of killed
HeLa cells within the ROI sub-regions in the two NK-92:HeLa ratios (n ≥ 18).
(c) The percentage of killed HeLa cells within the whole ROI from R1 to R5 in
the two NK-92:HeLa ratios. (n = 3 for 2D assay, n ≥ 18 for 3D assay). Dot plots
in (b)-(d) show mean ± SEM.
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4.3.4. Dense ECM impede migration of CLs
In many solid tumors, fibrosis characterized by dense and stiff ECM
generation occurs surrounding areas of tumor cells. Fibrosis not only
affects cancer cells by triggering various mechanotransduction pathways
by stiffening ECM (131), but also influences immunotherapy efficacy by
limiting CL infiltration into tumors (114, 132). We sought to investigate
the role of ECM density, a key component of fibrosis, on lymphocyte
cytotoxicity in 3D by using the device patterned with various
concentrations of collagen (2, 3, 4 mg/ml). Effective NK-92:HeLa ratio
was fixed to 5:1. Representative still images of the patterned collagen
gels with various collagen concentrations 24 h after NK-92 cell seeding
are shown in Figure 4.8. NK-92 cells distributed throughout the collagen
gels in 2 mg/ml of collagen gel, whereas few NK-92 cells were observed
in R4-R6 in 4 mg/ml of collagen gel. Overall, NK cell number was the
highest in R1 and gradually decreased as the sub-region became deeper
for all collagen concentrations (Figure 4.9a), and NK cell number was
the highest for the lowest collagen concentration and gradually decreased
as the collagen concentration increased for all sub-regions (Figure 4.9a).
Similar trends in the percentage of killed HeLa cells were observed
(Figure 4.9b). These results indicate that ECM density plays an important
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role in NK cell migration in collagen gels, and consequently affects NK
cell cytotoxicity.
Next, we investigated detailed interactions between NK-92 cells
and HeLa cells encapsulated in different concentrations of collagen. By
performing time-lapse imaging, we directly visualized NK-92 cell-HeLa
cell interactions at a single cell level (Figure 4.10), and assessed how
much time is needed for each NK-92 cell to successfully kill HeLa cells.
Time for killing, which measures time from initial NK-92/HeLa contact
to PI uptake in HeLa cells, was measured for each NK-92 cell
successfully killed NK-92 cell and plotted for NK-92 cells in collagen
gels with 2 and 4 mg/ml (Figure 4.11). Interestingly, time for killing of
NK-92 cells in 4 mg/ml collagen gels was significantly lower than that
of NK-92 cells in 2 mg/ml collagen gels. This result indicates that
cytotoxicity of individual NK-92 cells is higher in higher concentration
of collagen gels. Taken together, ECM density can influence both
migration and cytotoxicity of CLs.
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Figure 4.8. Images taken after 24 hours of interaction of NK cells and HeLa
cells in three collagen concentrations. HeLa cells (green) and NK-92 cells
(white) are displayed in upper images and lower images show live/dead HeLa
cells at the same moment with upper images.
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Figure 4.9. Dense ECM impedes cytotoxic activity of NK cells. (a) The

numbers of NK cells and (b) the percentage of killed HeLa cells within
the ROI sub-regions (n ≥ 16).
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Figure 4.10. Live monitoring of cytotoxic activities of NK-92 cells (Yellow
arrows) against HeLa cells (Blue). Propidium iodide (Red) shows the death of
HeLa cells.
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Figure 4.11. PI uptake time from the moment that NK-92 cells made a

contact with HeLa cells in 2 and 4 mg/ml of collagens. Each dot was
obtained from a single HeLa cell killed by a single NK-92 cell. For
statistical comparison, unpaired two-tailed Student’s t-test was
performed, and the statistical significance was displayed as follows; *p
< 0.05, **p < 0.01, ***p < 0.001.
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4.4. Conclusions
Traditional in vitro 2D cytotoxicity assays against cancer cells
have been widely used to evaluate ex vivo engineered or cultured CLs
due to simplicity in assays, but the assay results may not be consistent
with in vivo results due to the absence of 3D tumor microenvironment
(TME). PDMS-based microfluidic devices recapitulating various aspects
of

TME,

including

hypoxia,

inflammatory

cytokines,

immunosuppressive conditions, and vasculatures, have been developed
to evaluate CLs in 3D (125-127).
However, PDMS-based devices require labor and time intensive
batch fabrication processes, thus device fabrication limits experimental
throughputs (128). To overcome this limitation, the CACI-IMPACT
devices used in this study were massively produced using injection
molding with polystyrene (PS) by customizing the design of the
IMPACT device (99), which was previously developed by our group for
3D compartmentalized cell culture. In our experience of conducting the
same 3D cytotoxicity assays using our PDMS-based co-culture device
(93), approximately two days of serial processes, including casting (7 h),
punching (1 h), bonding (10 m), and surface hydrophobicity restoration
(> 1 d), were required. The series of manual processes can cause defects,
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resulting in lower yields or lower uniformity of the final devices to be
used in experiments. Furthermore, pressure sensitive loading process in
PDMS device reduces usability and experimental throughput. In sharp
contrast, CACI-IMPACT device requires less than 10 minutes for device
preparation including 3 min of hydrophilic surface modification. In case
that the device was packed after plasma treatment, no preparation is
required except opening the packaging. Rail-based microstructures with
hydrophilic surfaces further facilitated experiments by enabling simple
and fast hydrogel patterning to be performed, and multi-well format
further enhanced experimental throughputs by allowing multiple
experiments to be performed simultaneously in a single device. In
addition to improved device fabrication and experimental throughputs,
long term monitoring of CL-cancer cell interactions is possible, as media
change can be readily performed by aspirating media in the media
reservoir and filling new media without perturbing hydrogels containing
cells.
Using the injection molded devices, we performed 3D
cytotoxicity assays with various density of cancer cells and various
collagen concentrations. First, we found the presence of ECM and cancer
cells could significantly reduce cytotoxicity of CLs by impeding
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migration and limiting accessibility of cancer cells compared with 2D
cytotoxicity assays (Figure 4.7). Presence of cancer cells in ECM may
play dual role in cytotoxicity: it may impede infiltration of CL by
interacting with CLs as we have shown, but at the same time, cancer cells
can promote CL migration by producing chemokines such as CXCL9,
10, and 11 (133). As shown in Figure 4.7a, NK-92 cell distribution in
collagen gels lacking HeLa cells (no HeLa) was comparable to that in
collagen gels with low density of HeLa cells (20:1) except for entry
regions, where NK-92 cell numbers were slightly higher for collagen
gels lacking HeLa cells, indicating chemotaxis-mediated NK-92 cell
migration was minimal in our system. Second, we found ECM density
played an important role in 3D cytotoxicity by independently regulating
migration-mediated cancer cell contact and direct cancer cell killing
(Figure 4.9). Indeed, collagen density can influence various physical
properties of collagen gels such as pore size and stiffness (134). When
collagen concentration was increased, NK cell infiltration into collagen
gels was substantially reduced presumably due to reduced pore size that
limits amoeboid-mode immune cell migration (135). Indeed, increased
ECM density observed in fibrotic tumors reduced activity of T cells by
limiting physical access of tumor cells (119), indicating our device may
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be a good model system to evaluate ex vivo engineered CLs for fibrotic
tumors. Interestingly, cytotoxicity of individual NK cells were
significantly enhanced when collagen concentration was increased
(Figure 4.11). While detailed mechanisms for enhanced cytotoxicity in
collagen-dense environments need to be determined, it is possible that
stiff ECM environments in high concentration of collagen facilitate
tumor cell lysis by increasing tumor cell tension, which enhances
perforin-mediated pore formation on tumor cell membrane (136).
Our preliminary 3D cytotoxicity assay using human primary NK
cells revealed that CACI-IMPACT platform can be used for primary
lymphocytes, while detailed assay conditions need to be adjusted
depending on cell types (Figure 4.12). Primary NK cells exhibited much
higher motility and cytotoxicity compared with NK-92 cells: they
uniformly distributed in entire collagen gels (Figure 4.12b) and killed the
majority of HeLa cells (Figure 4.12c) within 12 h in dense ECM (4mg/ml
of collagen), in which NK-92 cells killed only ~ 40% of HeLa cells for
24 h (Figure 4.9b). Superior cytotoxicity of primary NK cells in our assay
is partly due to smaller size of primary NK cells (diameter ~ 8 μm)
compared with that of NK-92 cells (diameter ~ 14 μm), which plays
important role in cell migration in dense ECM (134), further confirming
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importance of lymphocyte motility in 3D cytotoxicity.
To sum up, we introduced an injection molded microfluidic device
for assessing cytotoxicity of CLs in 3D environment. The proposed
device is characterized by (ⅰ) enhanced productivity via injection
molding, (ⅱ) enhanced experimental throughput mediated by multi-well
format of the device, and (ⅲ) hydrophilic rail-based microstructures
facilitating hydrogel patterning with simple pipetting. Using the device,
we found 3D ECM significantly reduce cytotoxicity of CLs by impeding
migration and access to tumor cells compared with traditional 2D assays.
We also found denser ECM impede migration of CLs but enable
effective killing once CLs contact with tumor cells. The results show
how important the presence of ECM is for accessing cytotoxicity of CLs
against solid tumors. We think this injection molded 3D culture platform
could be used to evaluate cytotoxicity of CLs in 3D environment and to
identify new therapeutic approaches mediated by adoptive transferred
CLs against solid tumors.
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Figure 4.12. 3D cytotoxicity assay performed with primary NK cells against
HeLa cells. (A) Representative images taken after 6H (left) and 12H (right) of
primary NK/HeLa cells co-culture. (B) The number of primary NK cells and
(C) the percentage of killed HeLa cells within the ROI sub-regions after 6H
(black) and 12H (red) of primary NK/HeLa cells co-culture.
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Chapter 5. Concluding Remarks
In this thesis, we suggested two CGP methods by integrating
microstructures with conventional cell culturewares. In chapter 2,
micropillar array embossed on petri-dish enabled multiscale liquid
patterning by sweeping bulk liquid over the surface. The patterning
mechanism on a basic form of a 2 × 2 rectangular array of circular pillars
is analyzed theoretically and verified with experiments. Nanoliter-tomicroliter volumes of liquids are patterned into various shapes by
arranging the pillars based on the analysis. Furthermore, an array of
geometrically modified pillars can capture approximately 8000 droplets
on a large substrate (55 mm × 55 mm) in one step. Given the simplistic
method of wipe patterning, the proposed platform can be utilized in both
manual benchtop and automated settings. We will provide proof of
concept experiments of single colony isolation using nanoliter-scale
liquid patterning and of human angiogenic vessel formation using
sequential patterning of microliter-scale liquids.
In chapter 3, rail-based microstructure was introduced to guide airliquid interface retrieved by aspiration, resulting in remaining hydrogels
only under low rails. We provide a design rule for the device structure
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and the capillary pressure condition upon verifying a theoretical model
to explain the physical principle. We demonstrate formation of multiple
hollow channels or hydrogel islands with a single aspiration. Then we
test vasculogenic capacity of various cell types using a microfluidic coculture system obtained by our technology, to illustrate its capabilities as
a viable micro-manufacturing scheme for high-throughput cellular coculture.
In chapter 4, we introduced a 3D cytotoxicity assay to assess
cytotoxicity of lymphocytes in 3D microenvironment in high-throughput
fashions. Rail-based microfluidic design described in chapter 3 was
integrated within a single 96-well and the wells were rectangularly
arrayed in 2 × 6 to enhance the experimental throughput. The rail-based
microstructures facilitate hydrogel patterning with simple pipetting so
that hydrogel pre-solution aspirated with 10 μl pipette can be patterned
in 12 wells within 30 s. To demonstrate 3D cytotoxicity assay, we
patterned HeLa cells encapsulated by collagen gel and observed
infiltration, migration and cytotoxic activity of NK-92 cells against HeLa
cells in the collagen matrix. We found that 3D ECM significantly
reduced migration of cytotoxic lymphocytes and access to cancer cells,
resulting in lower cytotoxicity compared with 2D assays.
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Compared with traditional closed microfluidic devices made with
PDMS, the open microfluidic platforms utilizing CGP methods (i) are
scalable, (ii) have enhanced experimental throughput, (iii) are
compatible with automated liquid dispenser or imaging systems due to
their standardized format, and (iv) are highly accessible to the cultured
tissue. We expect open microfluidic devices introduced so far can
address limitations that impede commercialization of organs-on-chips
and help organs-on-chips to be used in industry such as pre-clinical drug
screening and developmental process of drugs or cosmetics.
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초록
장기모사칩은 2000년대 초부터 마이크로 공정 기술이
생물학적 연구에 활용됨에 따라 인간 장기 기능을 모사하기
위해 개발되었다. 구체적으로, polydimethylsiloxane (PDMS) 기반
미세유체 장치는 공간적으로 구분된 세포 패터닝을 가능케 함
으로써 생체와 유사한 구조로 세포를 배양할 수 있게 해주었
다. 이러한 세포 패터닝은 페트리 디쉬, 플라스크, 혹은 웰플레
이트와 같은 기존의 세포 배양 도구에서는 수행하기 어려운
삼차원 세포 배양과 그 안에서의 시공간적 분석을 가능하게
하였다. 하지만, 종래의 장기모사칩은 PDMS에 기반한 닫힌 형
태의 채널 설계로 인해 낮은 생산성, 낮은 실험 효율, 낮은 장
비 호환성을 갖는다. 따라서, 본 연구는 대중적인 세포 배양
장치들에 마이크로 구조물을 통합한 두가지 모세관 현상 기반
의 패터닝 방법을 제시한다. 첫번째 방법은 페트리 디쉬나
polystyrene (PS) 필름과 같이 개방된 PS 표면에 마이크로 기둥
어레이를 제작하여 그 위에서 액체가 쓸려 지나갈 때 기둥 구
조물들 사이에 액체를 포획하는 방식이다. 마이크로 기둥 어레
이의 배치에 따라 나노리터부터 마이크로리터에 이르는 액체
를 빠르게 패터닝할 수 있게 한다. 이러한 기둥 구조를 활용하
면 다양한 세포의 배치 및 배양이 가능하여, 본 연구에서는 삼
차원 환경에서의 단일세포 배양과 다세포 공배양 플랫폼으로
의 활용 가능성을 제시하였다. 두번째 방법은 마이크로 레일
형태의 마이크로구조물을 표준화된 마이크로 플레이트의 웰과
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통합하여 고효율 삼차원 배양 플랫폼을 제시한다. 레일 구조의
아래에 주입된 액체가 빨아들여질 때 구조물에 의해 형성된
액체-기체 계면들의 순차적 이동을 활용하여 특정 레일의 아
래에만 액체를 남기는 기술을 개발하였다. 이 두가지 모세관
현상 기반 패터닝 방법을 위한 장치들은 사출성형으로 대량생
산이 가능하고 우수한 실험 효율을 갖는다. 이 중 레일 구조를
활용한 흡인 기반의 패터닝 방법을 이용하여 면역세포치료제
의 성능 평가를 위한 사출 성형된 플라스틱 어레이 배양 장치
(CACI-IMPACT)를 개발하였다. 흡인 기반 패터닝 덕분에 20 μl
파이펫으로 빨아들인 하이드로젤 용액을 30 초 이내에 12개의
웰에 패터닝 할 수 있었다. 면역세포치료제의 기능적 평가를
위해, 콜라겐 젤에 포함된 HeLa 세포를 패터닝하고 NK-92 세
포의 콜라겐 매트릭스 내부로의 침투, 매트릭스 내부에서의 이
동 및 암세포 살해 활동을 관찰하였다. 이를 통해 세포외기질
이 세포 독성 림프구의 이동 및 세포 독성에 상당히 영향을
미친다는 것을 확인할 수 있었다. 따라서, 암세포와 세포 독성
림프구의 고효율 삼차원 공동 배양을 가능하게 하는 본 플랫
폼은 고형 종양에 대한 면역 치료를 위해 개발된 세포 독성
림프구의 전임상 평가에 사용될 가능성이 있으며, 본 연구에서
개발 및 사용된 모세관 현상 기반 패터닝 기술들은 장기모사
칩의 상용화를 가속화시킬 것으로 기대한다.
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