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Liquid patterning is a quintessential aspect in cell-based screening. While there are a variety of methods to

handle microliquids utilizing surface treatments, complex microfluidic systems, and automated dispensing,

most of the stated methods are both expensive and difficult to implement. Here, we present a fast multi-

scale microliquid-patterning method on an open surface using embossed microstructures without surface

modification. Arrays of micropillars can trap microliquids when a bulk drop is swept by an elastic sweeper

on polystyrene (PS) substrates. The patterning mechanism on a basic form of a 2 × 2 rectangular array of

circular pillars is analyzed theoretically and verified with experiments. Nanoliter-to-microliter volumes of

liquids are patterned into various shapes by arranging the pillars based on the analysis. Furthermore, an ar-

ray 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 uti-

lized 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.

Introduction

Cell-based screening is an important aspect of research in a va-
riety of fields. Many miniaturized cell-based assays have been
introduced since the development of microliquid manipulation
techniques. Robotic printing of microdroplets enabled fabrica-
tion of cellular microarrays for high-throughput screening of
small molecules1,2 and genomic libraries3–5 and has aided in
the study of extracellular matrices (ECM) in cellular differentia-
tion.6 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 compli-
cated fabrication processes. Droplet microfluidics-based tech-

nologies seek to address the limitations of earlier 2D cellular
microarray techniques. Droplets containing cells are pro-
duced with up to kHz frequencies when a cell suspension
and oil meet at a T-junction of a microfluidic channel. High-
throughput screening (HTS) utilizing encapsulated droplets
is capable of both single cell based screening,7–9 and multi
cellular spheroid screening.10,11 However, droplet encapsula-
tion requires sophisticated instrumentation to control the
two immiscible liquids precisely. Moreover, additional obser-
vation and control systems are required for the separation of
discrete droplets, and sample recovery from separated drop-
lets is more difficult due to rinsing steps.12,13

Recently, a one-step droplet patterning method, using a
droplet array plate, was proposed for cell-based studies.14

Partitioning of hydrophobic and hydrophilic surface regions
induces separation of droplets from a bulk drop. The droplet
microarray device was applied to studies of cell–cell interac-
tion,15 2D co-culture,16 and fabrication of cell-laden hydrogel
particles.17 Although these platforms are capable of quickly
and easily patterning droplets in a single step, the utilization
of super-hydrophobic and super-hydrophilic materials neces-
sitates a more difficult and expensive production process for
the plate itself in comparison to the single substrate platform
proposed here.

In this study, we introduce a new liquid-patterning
method, which utilizes simple micropatterned pillar arrays
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on a flat substrate. The microstructures enhance the shear
force applied to a liquid drop. When driven by an elastic
sweeper, bulk liquids are trapped and retained as small drop-
lets inside areas cornered by microstructures. A success of
liquid patterning was determined by dimensionless parame-
ters and they were validated experimentally. The subse-
quently derived designs were then applied to single cell
screening and 3D co-culturing experiments. This liquid pat-
terning method is: (i) simple and fast, (ii) easily accessible to
sample, (iii) able to capture microliquids with high aspect ra-
tios, and (iv) adaptable to various wettabilities of substrates.

Materials and methods
Fabrication of the microstructured PS surface

To fabricate microstructures on polystyrene surfaces, solvent-
assisted molding was used as shown in Fig. S1.†18 A nega-
tively micropatterned polydimethylsiloxane (PDMS) mold rep-
lica, fabricated by conventional soft lithography, was used as
a template. First, the solvent (AZ 1500 Thinner, AZ Electronic
Materials, 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 PS surface, the assembly was placed on a
65 °C 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 micro-
patterned 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. Af-
ter 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 under room condi-
tions to remove any residual solvent.

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 Resource
Center) were prepared at a concentration of 0.7 × 106 cells per
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 × 106 cells per ml in 2% alginic acid so-
dium salt solution was formed as a result. The cell suspension
was patterned on an embossed dish for single-cell analysis
and polymerized with a 2% CaCl2 solution. After 10 seconds
of polymerization, the solution was replaced with a TAP me-
dium. The patterned cells were then cultured for two days.

For recovery of the colonies, the medium was drained and
2 μl of a 0.2 M EDTA solution was introduced into the pat-
terned alginate gel. After 10 seconds, the mixture of the de-
graded 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 in-

crease its population, and it was genetically verified whether
the strain was the mutant or the wild type. The CrGFP plas-
mid, CC-4488 (D1blic::D1bLIC-GFP) strain 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 using
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′-TGTACACGTTGTGGGA
GTTG-3′), for 40 cycles at 95 °C for 20 seconds, at 56 °C for
20 seconds, and at 68 °C for 25 seconds. The PCR product of
148 nts was separated by 2.0% agarose gel electrophoresis.

In vitro vasculogenesis

Human umbilical vein endothelial cells (HUVECs, Lonza)
were cultured in an endothelial growth medium (EGM-2,
Lonza) and used in experiment at passage number from 4 to
7. Normal human lung fibro-blasts (LFs, Lonza) were cultured
in a fibroblast growth medium (FGM-2, Lonza) and used in
experiment at passage number from 6 to 9. All cell types were
maintained at 37 °C in 5% CO2 in a humidified incubator.
The HUVECs and LFs were then detached from the culture
dishes, centrifuged for two minutes at 1100 rpm and
suspended at a concentration of 6.67 × 106 cells per mL in
EGM-2. Fibrinogen powder from bovine plasma (F8630,
Sigma-Aldrich) was dissolved in phosphate-buffered saline
(PBS, Hyclone) with 0.45 U ml−1 of aprotinin (A1153, Sigma-Al-
drich) added to create a fibrinogen solution with a concentra-
tion of 10 mg ml−1. The prepared fibrinogen solution and cell
suspension were then mixed at a 1 : 3 ratio finally creating so-
lutions of HUVECs and LFs with fibrinogen concentrations of
2.5 mg ml−1 and cell densities of 5 × 106 cells per ml. The mix-
ture of HUVECs was then mixed with thrombin at 50 U ml−1

(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 the cells. After the
gel polymerized for three minutes, the mixture of LFs was in-
troduced 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 incuba-
tor at 37 °C with 5% CO2 for five days. The medium was re-
placed with a fresh medium on the third day by gently
suctioning the old medium from the edge of the dish without
touching the microstructures where the gel was trapped.

Visualization of the in vitro blood vessel via immunostaining

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,
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the samples were incubated with a mouse monoclonal anti-
body specific for human CD31 (Alexa Fluor®488 conjugated,
BioLegend) overnight at 4 °C. The DNA was stained using
Hoechst 33342 (Molecular Probes) for one hour at room tem-
perature. For the z-projection of the 3D blood vessels, the
stained samples were imaged with an Olympus FV1000 confo-
cal microscope using a 10× objective lense. To display the
vessel network patterned in large areas, the images from each
field of view were captured and stitched using software.

Results and discussion
Liquid patterning process

The liquid patterning process can be divided into two steps,
infiltration and retention, as shown in Fig. 1. First, the liquid
should infiltrate into the area cornered by the pillars. The
physical conditions to determine whether infiltration would
occur spontaneously on the arrays of micropillars were stud-
ied on the basis of thermodynamic arguments.19,20 Theoreti-
cal studies on the dynamics of the infiltration process were
reported.21,22 If infiltration is not energetically favored, how-
ever, the structure will pin the meniscus and form an air
pocket as illustrated in Fig. 2a. Even in such a case, the liq-
uid can still be squeezed into the gap by applying additional
pressure. In this study, the additional pressure is applied as
the bulk liquid is swept by a PDMS block.

Retention corresponds to the separation of a targeted vol-
ume of liquid from a bulk liquid. The shear force acting on
the liquid by the surrounding solid structures induces defor-
mation and eventual separation.23 The critical speed of sepa-
ration is known to decrease by using microstructures24 and
hydrophilic chemical treatments.14

In this work, the micropillars on PS plates formed by
solvent-assisted microcontact molding enhance the shear

force to break up the liquid into tiny droplets. A minimal
unit of the pattern is a 2 × 2 rectangular array of circular pil-
lars. We sweep the liquid by moving the substrate with a ve-
locity of U = 30 mm s−1 relative to an elastic sweeper, using a
prototype of the automatic patterning system (Fig. S2†). We
investigate whether the patterning scheme works as the geo-
metric parameters of the microstructures are changed: the
height of the pillars, h, ranges from 50 to 200 μm, and the
center-to-center distance, l, ranges from 130 to 410 μm. In ad-
dition, we experimented with various liquids of different vis-
cosities, μ, and surface tension coefficients, 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 infil-
tration of the liquid into the area cornered by the four pillars
of diameter d = 100 μm, as shown in Fig. 2a. 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 . Then the Laplace pres-

sure of the given configuration is given by γκ. The pressure of

Fig. 1 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 micro-
structures. The liquid patterning process consists of two steps: infiltra-
tion and retention. Scale bar: 200 μm.

Fig. 2 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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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 generate the
foregoing Laplace pressure to enable the merging of the in-
terfaces. Therefore, the dimensionless parameter that deter-
mines whether the liquid fills the area cornered by the pillars
is given by the ratio of the two relative pressures, γ/L 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 the liquid–air interface. If the center-to-
center distance between the pillars, l, is large, the liquid eas-
ily fills the patterning area. Our experimental results with the
thickness of the bulk liquid fixed at L ≈ 2.6 mm are plotted
in Fig. 2b, 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 (Fig. 2a). If the
liquid that is used to fill the patterning area is dragged with
the bulk, the patterned area is re-occupied by air. Since the
retention behavior is critically dependent on whether the vis-
cous shear force exerted by the sweeper exceeds the capillary
force that tends to keep the drop intact, we introduce the ra-
tio of the viscous force to the capillary force, the capillary
number, Ca = μU/γ. The viscous force in the liquid consists of
the forces acting on the bulk and near the contact line.25 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.26 Integrating the shear stress
in the wedge-shaped region near the contact line with the re-
ceding 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 scaled as γ(l − d). Therefore, the boundary for
whether the liquid that has filled the patterning area would
be retained is given by the ratio of the foregoing forces:

(2)

Denser and higher pillars lead to higher Πretention, which
facilitates the retention of the droplets in the patterned area.

Fig. 2b shows that the experimental conditions at the values
of Πretention higher than the critical value lead to successful
retention, while those with lower values fail.

We also verified the patterning regime using lower values
of the surface tension and contact angle by mixing a surfac-
tant (TX 100) that resulted in larger dimensionless numbers.
As we expected, small droplets were separated from the bulk
drop in all cases (Fig. S3†). However, the microliquids were
not pinned into the initial shape with the higher density sur-
factant. This may allow the adjacent droplets to merge, but
the merging of droplets cannot happen in applications for
cell-based assays because the PS surface and water-based so-
lutions have larger contact angles and surface tension
coefficients.

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 stud-
ies such as selection of hydrodoma,27 screening of circulating
tumor cells,28 DNA damage analysis,29 and genome sequenc-
ing of single cells.30 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 a liquid in a microwell re-
quires that the free surface of the liquid makes contact with
the bottom of the well of the substrate, and failure to make
contact results in a high rate of unsuccessful capture. To mit-
igate patterning failures, many microwell devices require hy-
drophilic surface treatment. In comparison, micropillar ar-
rays 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 pat-
terning method.

For a quantitative comparison of patterning between
micropillar arrays and microwells, we fabricated micropillar
arrays and microwells to capture square-shaped liquids with
side lengths, w, of 100, 300, and 500 μm, respectively. For the
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. Fig. 3
shows the liquid patterning schemes on both structures and
the results of the patterning by changing the height of the
pillars and the depth of the wells from 10 μm to 200 μm. For
the micropillar arrays, the patterning efficiency increased as

Table 1 Physical properties of the liquids used in the experiments

Liquid Surface tension [mN m−1] Viscosity [mPa s] Advancing/receding 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
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the height was increased, while the efficiency on the micro-
wells decreased as the depth was increased.

The results show that micropillars are capable of captur-
ing microliquids at higher aspect ratios than microwells.
However, the positive pillar arrays require a long distance be-
tween each patterning area to make the patterned liquid sep-
arate perfectly. Hence, microwell devices can be used for the
cases that a large number of samples, imaged in a single fo-
cal plane, are required, while micropillar arrays are suitable
for screening the development of cells in a 3D microenviron-
ment as will be further discussed in this paper.

Arrangement of micropillars for controlling the volume and
shape of patterned liquids

The shape and volume of a liquid can be controlled by ar-
ranging the pillars in patterned arrays as shown in Fig. 4a–e.
First, the height, spacing, and number of pillars can be ad-
justed to control the volume of the patterned liquid. By ar-
ranging the pillars with a height of 100 μm on a 2 × 2 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 liquids on a pattern
containing an acute angle, there is potential for off target liq-
uid trapping to occur in the interior of the angle outside of
the post boundaries due to the proximity of the 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 pat-
terned areas to have lower values than the critical dimension-
less numbers described in the chapter, “liquid patterning
process”.

The shape of the micropillars itself can also be designed
to control the patterning efficiency or the uniformity of the
patterned liquids. A patterned surface with arrays comprising
two bilaterally symmetrically facing “C” shaped micropillars
was compared to a surface with cylindrical four pillar arrays.
It was determined that patterned arrays with a greater num-
ber of open faces, such as the 2 × 2 pillar configuration,
resulted in a higher fluid infiltration rate, while arrays with a
larger contact area between the captured liquids and the sub-
strate, such as the C shape arrangements, resulted in greater
uniformity of the patterned fluids (Fig. 4f). The method mea-
suring the volumes of the patterned liquids is described in
the ESI.†

Although the basic form of the 2 × 2 pillar array showed a
volume variation of 10% (CV%), the expanded forms (Fig. 4b–d)
showed smaller variations (2–5%) because most of the variation
comes from the boundary of the patterning area. As a whole,
the proposed microstructure guided patterning mechanism
resulted in droplets with a variation of volumes (<10%) compa-
rable to other microfluid patterning techniques at the nanoliter
scale: droplet microfluidics (1–3%),31 inkjet printing (<3%),32

and electro wetting (12–17%).33 Further improvements in drop-
let uniformity can be achieved by controlling environmental
humidity and by refining the uniformity of the sweeping
mechanism.

Single cell culture & recovery platform

Along with the development of microfabrication methods, a
number of single-cell analysis platforms have been
developed.34–36 However, only a few platforms enabled both
spatiotemporal analysis and retrieval of a specific cell from
the isolated samples. Infrared laser mediated release of sin-
gle cells trapped in microwells was introduced.37 A separate
microchannel based device integrating a single particle trap
and its release using bubbles generated by an IR laser was
also developed.38,39 These platforms require perfect align-
ment between the device and the laser system, and the heat
generated by the laser can lower the viability of handled cells.

Fig. 3 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-to-
center 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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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.40,41 Recently,

Fig. 4 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 microstruc-
tures 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).

Fig. 5 Single-cell patterning and retrieval platform. (a) The schematic process of retrieval of a single colony. The platform contains x- and
y-coordinates 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 pat-
terning 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 cross-contamination 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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a microfluidic chip for single-cell trapping and selective re-
lease using a pressure actuated microfluidic OR logic gate
was proposed.42 Although this platform had high efficiency
of extraction, sophisticated controls were necessary for the
OR logic gate and backflow. In this chapter, we are introduc-
ing a simple single cell analysis platform on which single
cells can be patterned, cultured, and retrieved without cross-
contamination between nearby colonies.

We used 2 × 2 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 en-
able 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 in Fig. 5a. We experimen-
tally found the cell concentration in alginic acid solution that
maximizes the portion of patterned spots having single cells.
Fig. 5b shows the distribution of cells in the trapping spots
according to the cell density. The portion of spots with a sin-
gle cell was maximized at 32.8% when the density was 0.35 ×
106 cells per ml. After two days of cultivation, the single cells
grew to form colonies with a top view area of 1.31 × 10−3

mm2 on average (n = 7) (Fig. 5c). 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, the cell types
were distinguished according to the presence of green fluo-
rescence (Fig. 5d). Using an EDTA solution to dissolve the al-
ginate 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 the retrieval process, a genetic
analysis was conducted. The extracted colonies were cultured
on agar plates with the TAP + N medium for one week to ob-
tain sufficient populations for gene amplification. Through
GFP gene amplification and electrophoresis, as shown in
Fig. 5e, 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 exter-
nal forces, on the scale of single cells, the throughput of this
platform (32.8%) is similar to those of other platforms follow-
ing Poisson statistics: droplet microfluidics (<36%),43 micro-
wells (32%),44 and oil-covered cell arrays (32%).45 The density
of the patterning area is limited due to the positive pillar ar-
rays, however, the device can be easily and cheaply fabricated
with more patterning areas in a larger PS substrate using
one-step solvent molding or injection molding. We expect to

Fig. 6 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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obtain thousands of single cell samples in a device whose
price is just one dollar.

Sequential patterning for co-culture in a 3D
microenvironment

In our body, cells lie in a cellular microenvironment com-
posed of multiple cell types, an extracellular matrix (ECM),
and soluble factors. To understand the interactions between
the composition, there have been a number of trials to con-
trol the cellular microenvironment.46–48 Spatially defined co-
culture platforms using soft lithography,49–51 negative
dielectrophoresis (n-DEP),52 and selective cell adhesion to the
ECM53 were introduced, however, they remained as a 2D cul-
ture or a monolayer culture on the ECM. Recently, as the im-
portance of a 3D microenvironment is emphasized in in vitro
cell culture,54 3D co-culture platforms were also developed
such as microfluidic chip enabling hydrogel confinement55

and hydrogel directed assembly.56 The microfluidic chip for
3D co-culture successfully patterns hydrogels with different
types of cells, respectively, but further studies by retrieving
the cells are challenging. The hydrogel assembly is soaked in
a medium thus it is difficult to observe a target assembly,
and two cycles of UV exposure for aggregation lower the cell
viability. In this chapter, we are introducing a 3D co-culture
platform on an open surface.

Owing to the open surface, a shell-shaped liquid is
patternable, which was impossible in our previous research,
microstructure mediated liquid patterning in micro-
channels.57 Fig. 6 shows the schematic process of sequential
patterning using a shell-shaped liquid pattern. The pillars are
arrayed to form two doughnut-shaped patterns when the liq-
uid is swept over the structures. By patterning the doughnut-
shaped areas with a hydrogel, the inner area becomes an-
other patterning area guided by the walls of the hydrogel. We
demonstrated the reconstruction of an in vitro vascular net-
work 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 an acellular fibrin ma-
trix so that the vasculature, developed from the ECs in the in-
ner doughnut-shaped area, can sprout into the core. The
other space guided by the two fibrin walls was filled with a fi-
brin matrix containing LFs. After five days of cultivation, the
HUVECs grew, forming vascular networks with the designed
shape.

This 3D microenvironment with a high aspect ratio pro-
vides enough space for ECs to grow into the tubular vessel
network. This spatial patterning of ECs and stromal cells en-
ables self-formation of a 3D vessel network, which is difficult
to accomplish in 2D platforms. Furthermore, the vessel net-
work was formed on an open surface in contrast to on-chip
vasculogenesis.55 Thus, it is expected to enhance accessibility
to samples for further biomolecular analyses, such as western
blotting. We also expect that this multi-layer patterning tool
can also be used as a cancer angiogenesis platform if cancer
cells are added to the fibrin matrix loaded in the core.

Conclusion

In summary, we have developed a novel liquid-patterning
technique using a simple sweeping motion over a micro-
structured PS substrate. When the microstructures are strate-
gically 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 struc-
tures, liquid can infiltrate into the structures with high as-
pect 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 pat-
terned 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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