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Herein, I review our recent work toward developing methods for generating three-dimensional (3D) droplet
arrays driven by capillarity. Microdroplet array-based systems are useful for bioassays and bioengineering
because they require only small amounts of samples and reagents and provide the high throughput. Various
methods have been developed for preparing droplet arrays, among which methods based on capillarity have
attracted considerable attention owing to their simplicity. I and collaborators have developed such methods based
on capillary flow, including a method for preparing droplet arrays via oil-water replacement. We recently
proposed our own concept of “fluid—fluid interfacial energy driven 3D structure emergence in a micropillar
scaffold (FLUID3EAMS)” and its application. FLUID3EAMS allows a 3D droplet (or hydrogel bead) array to be
generated in a micropillar scaffold by passing a fluid—fluid interface through the scaffold. This approach is useful
for applications requiring ordered or arrayed microdroplets in biosensors, biophysics, biology, and tissue
engineering. This review is an extended version of the article “FLUID3EAMS: Fluid—Fluid Interfacial Energy
Driven 3D Structure Emergence in a Micropillar Scaffold and Development in Bioengineering” published in
Seibutsu Butsuri (vol. 62, p. 110-113, 2022).
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d Significance »

Methods for spontaneously generating microdroplets facilitate the preparation of droplet arrays, which broadens
the applicability of droplet array-based systems. I and collaborators have been developing novel methods for
generating microdroplet arrays based on capillary flow. This review introduces our recent achievements regarding
methods for generating two-dimensional droplet arrays, as well as three-dimensional droplet arrays, which cannot
be obtained via existing techniques.

Introduction

With the recent development of microfabrication technology, it has become possible to fabricate microscale structures
with high precision. Microfluidic devices, which consist of microchannels prepared using microfabrication technology,
allow the precise manipulation of small amounts of liquid [1]. Among the various types of microfluidic systems, droplet
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microfluidics are capable of generating water-in-oil droplets with high Droplet array Microdroplet
reproducibility by utilizing the viscosity and interfacial tension, both of = Microreactor
which are dominant at the microscale [2]. In chemical or biological O O O O i

analysis, it is possible to significantly reduce the amounts of samples and ~S

reagents needed and to yield a high throughput by using microscale O O O O O @Qﬁ@r
droplets (microdroplets) generated in a microfluidic device as an OO0O000O
individual chemical reactor. Although the analysis of microdroplets was O O O O O

proposed more than 50 years ago, it has only recently been achieved "DNA / RNA
owing to developments in microfabrication technology [3]. Microdroplet- O O O O O “Protein

based systems have various applications, such as cell analysis, protein rCells etc.
crystallization, and digital polymerase chain reactions [4]. Figure 1 Conceptual drawing of assays

A two-dimensional (2D) array of microdroplets facilitates the  based on droplet arrays.
observation of droplets over time, increasing the experimental efficiency
(Fig. 1). There are many different methods for arraying microdroplets. The simplest method is to pack the microdroplets
generated in the device within a narrow planar microchamber [5]. However, the direct contact of microdroplets can cause
stability problems such as droplet fusion and cross-contamination. The physical separation of microdroplets is an effective
solution to this problem. For example, a method for immobilizing microdroplets in 2D or 2.5D structures in microfluidic
devices [6] and a method for generating and arraying microdroplets directly using a robot-controlled dispenser [7,8] have
been proposed. Compared with methods that involve preparing droplets one-by-one using robot-controlled dispensers,
microfluidic approaches do not require individual control of droplets for arraying and thus allow rapid, automated droplet-
array preparation. However, in automated microfluidic systems, syringe pumping is needed, which can degrade the
properties of microsystems.

In recent years, methods have been proposed to generate and array microdroplets in a simple manner by utilizing the
phenomenon that occurs when two mutually immiscible fluid interfaces pass through the microstructure. For example, in
the “self-digitization” method proposed by Cohen et al., an array of microdroplets is generated by splitting an aqueous
solution by passing an oil-water interface through microfluidic channels, including continuous bypass channels [9].
Although the “self-digitization” method requires a syringe pump to drive the interface, simplified methods utilizing the
wettability or capillary flow have been proposed. Through the passage of the water—air interface through a well array
template, an array of spatially separated aqueous solutions was obtained in an open environment [10]. Additionally,
surface energy patterning is effective for the spontaneous generation of separated liquid columns in open environments
[11-14]. These methods have the significant advantage of eliminating complex fluid manipulations such as pump
operations. I and collaborators have also developed methods to generate droplet arrays utilizing the capillary flow that
occurs spontaneously, e.g., the generation of droplet arrays via oil-water replacement in a circular well array with well-
to-well connecting channels [15]. This method is possibly superior to the others because rough manipulation of the liquid,
i.e., pipetting by hand, is sufficient to generate droplet arrays. In addition, the method of forming droplet arrays in a three-
dimensional (3D) space has been considered for achieving high-density droplet arrays and expanding the application scope
of the arrays [16]. I and collaborators developed a novel approach for generating 3D droplet arrays via capillarity-based
oil-water replacement, which is referred to as fluid—fluid interfacial energy driven 3D structure emergence in a micropillar
scaffold (FLUID3EAMS) [17,18].

The objective of this paper is to review the methods for spontaneous generation of droplet arrays, with a focus on our
recent achievements. This paper introduces the basic principles, characteristics, and potential applications of
FLUID3EAMS.

Capillarity-Based Droplet Generation and Manipulation

Capillarity is a useful phenomenon for microfluidics because the capillary flow of a liquid functions as a pressure source
for microfluidic devices, resulting in a pumpless microfluidic system, which can be referred to as capillary or open
microfluidics [19-21]. One typical phenomenon of capillary flow is that a narrow glass capillary draws water as soon as
the capillary comes into contact with liquid water. Capillary flow is generated when the surface tension of a liquid,
microstructure, and surface chemistry of the channels satisfy certain conditions, and it can be observed in various
microstructures. Paper and porous materials can generate capillary flow, which has been commercially exploited for point-
of-care testing, e.g., pregnancy tests [22]. However, the non-uniform microstructure of these materials poses problems
regarding the reproducibility of capillary flow. Recent developments in microfabrication technology have allowed well-
defined microstructures to generate capillary flows with good reproducibility [23]. For example, straight channels induce
a predictable capillary flow inside the channel [24]. As another example, repetitive microstructures such as an array of
posts or pillars can function as a capillary pump (sometimes called a “pillar forest”), as shown in Fig. 2(a). If the surface
of the pillar forest is wettable by the liquid of interest, the liquid starts to flow inside the pillar forest once it comes into
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contact with the pillar forest (Fig. 2(b)) [25]. As a pillar forest- (a)

based device, Zimmermann et al. designed capillary pumps Flow Liquid
composed of arrayed posts, lines, or more complex structures diection ?\

and demonstrated control of the capillary flow [26]. Bioassays
using capillary flow have been extensively demonstrated in the
form of lateral flow tests, which have been used for the
detection of various biomarkers, including cardiac biomarkers
[27,28].

While most capillarity-driven microfluidic devices involve a
single liquid spontaneously flowing through dry
microstructures, spontaneous replacement between two
mutually immiscible liquids, such as water and oil, has
attracted attention. When a microstructure is filled with liquid
A and is more wettable by liquid B than liquid A, liquid B
replaces liquid A in the structure once the capillary comes into
contact with liquid B [29]. Here, the spontaneous replacement
between two liquids is termed as capillary replacement. A
system based on capillary replacement is important for
combining microdroplet-based systems with the capillary
phenomenon. The combination can realize the generation of
microdroplets without external pressure sources. Regarding
droplet generation, it is difficult to drive ordinary droplet
generators, such as those based on flow focusing [30] or T-
junctions [31], because the flow rate of the capillary flow
decreases over time [32]. To overcome this issue, I and
collaborators developed a system to generate droplets by
combining the self-digitization concept and the spontaneous
replacement of oil and water [15]. A connected well array was
proposed in which 2D-arrayed circular wells were connected
in the column and row directions through a narrow channel, as
shown in Fig. 3(a). The droplet array was generated as follows. First, an aqueous solution was deposited into the connected
well array; then, an oil solution was applied to the array. Because the well array surface was more wettable by the oil
solution, the oil solution spontaneously spread over the array and split the connection of the aqueous solution at the
channel between two adjacent wells, forming a 2D droplet array. This system does not require an external pressure source
to drive the flow, and droplets are generated automatically. In addition, there is a unique feature that the connected aqueous
solution is turned into a droplet array by one drop of oil solution, which allows the production of droplet arrays with
diffusively formed concentration gradients of a dual-sample solution. The utility of this feature for bioassays was validated
through a live—dead cell assay, as shown in Fig. 3(b). The droplets in the aforementioned example were submillimeter-
scale, but further miniaturization has been demonstrated using soft lithography [33].

Attempts have been made to realize an entire platform of droplet microfluidics with capillary flow. For droplet
microfluidics, it is necessary to implement various elemental functions, such as transport, merging, and splitting of
droplets, in addition to droplet generation, which is the most important function [34]. Toward droplet microfluidics driven
by capillary flow, transport [35] and merging/splitting of droplets [21] have been implemented through the design of open
channels and optimization of liquid selections (Fig. 3(c)) [36].

The multiphase capillary flow can be extended to other unique functionalities. For example, a constant capillary flow
independent of the viscosity and surface energy of the sample liquid was demonstrated via the elaborate design of
microchannels, with a focus on the effect of the displaced fluid [37,38]. As this example, further study on the capillarity
between multiphase fluids will open up new possibilities for microfluidic devices that cannot be achieved by single-fluid
capillary flow.

Pillar forest

Figure 2 Capillary flow in pillar forests (an array of
pillars or posts). (a) Schematic of capillary flow into
a pillar forest. (b) Capillary flow in polymer-based
pillar forests for lateral flow tests. Adapted from [25],
copyright 2009, with permission from John Wiley and
Sons.

Droplet Generation by FLUID3EAMS

As highlighted in previous chapters, capillarity allows the spontaneous generation of a 2D droplet array. Recently,
methods to generate droplet arrays in a 3D space have been discussed for increasing the density of droplet arrays or for
more sophisticated applications [4,39]. However, the current methods are limited to techniques such as packing
microdroplets into a chamber and arranging them in the 3D space [16]. To generate stable 3D droplet arrays, 3D structural
templates are required for the physical separation of individual droplets, and methods for generating and arraying droplets
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Figure 3 Systems using two-phase capillary flow in microstructure patterns. (a) Droplet-array generation in a connected
well array via spontaneous replacement between oil and water: i) a connected well array, ii) impregnation of aqueous
solution in the well array, iii) droplet generation by oil diffusion, and iv) formation of sample concentration gradient in
a droplet array. Adapted with permission from [15]. Copyright 2018 The Royal Society of Chemistry. (b) A live—dead
cell assay in a droplet array: i) concentration gradient of cycloheximide in a droplet array, ii) dead cell ratio at 0 an 24
hours after incubation, iii) cell viability in a droplet with low concentration of cycloheximide, (the droplet included red
colored dead cells and green colored live cells), and iv) cell viability in a droplet with high concentration of
cycloheximide. Adapted with permission from [15]. Copyright 2018 The Royal Society of Chemistry. (¢) Droplet
transport by capillary flow of a droplet (yellow) in a flow of another type of liquid immiscible (blue) to the droplet.
Adapted with permission from [35]. Copyright 2018 American Chemical Society.

in 3D templates are also required. Our recent study founded a key approach termed as FLUID3EAMS that satisfies both
requirements.

An overview of FLUID3EAMS is shown in Figs. 4(a) and (b). FLUID3EAMS refers to the phenomenon in which the
interface of two immiscible fluids (defined as fluids 1 and 2, such as water and oil) passes through a 3D microscaffold
structure and fluid 1, which is filled in advance, is spontaneously split and arrayed into microdroplets. FLUID3EAMS
gives rise to microscale periodic structures, including three elements: a continuous microscaffold solid, a 3D array of
dispersed fluid 1 particles inside fluid traps, and a continuous fluid 2 that fills the remaining void.

There exist two requirements to generate microdroplets using FLUID3EAMS. The first requirement is related to the
filling condition, where the interfacial energy dominates other effects and the two fluids have the same viscosity. The
second requirement is related to “fluid trap” geometries that must occur in every lattice unit cell of the scaffold structure.
Here, a fluid trap is introduced with a focus on the scaffold structure consisting of octahedrally connected micropillar
lattices. The general principle of the fluid trap is presented in the literature [17]. When the fluid interface passes along the
axial direction of the lattice (Z direction in Fig. 4(b)), to enter the region inside the octahedron, the liquid 2 front must
pass through at least one of the four skewed squares (red frame on the left side of Fig. 4(b)). In this region, a characteristic
pressure barrier exists at the interface with curvature. If the pressure barrier exceeds the pressure for the liquid 2 front to
continue along the lattice symmetry axis, a droplet of fluid 1 remains in the trap.
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The near-ideal conditions for droplet generation by ) Micropillar

scaffold 3D droplet array

FLUID3EAMS were evaluated through experiments and
fluid simulations with three dimensionless numbers: Ca
(Ca = woul/y: capillary number), cosf (6 represents the
static contact angle of fluid 1 and fluid 2), and /i
(viscosity ratio), where u; and i, represent the viscosities
of fluids 1 and 2, respectively; u represents the mean
velocity of the interface propagation; and y represents the
interfacial tension between fluids 1 and 2. In the

AN X
WL O
DO

. . . Aqueous
experiment, fluid 1 was a glycerol aqueous solution, and solution ol
fluid 2 was a mineral oil-containing surfactant (Span80). (b) sr‘;%“éfg &uid 1) (Fluid 2) Droplet
generation

(Fig. 4(c)). The first mode in which droplets could not
be generated was channeling. The channeling was
mainly observed at small Ca values and cosf > 0. The
channeling was likely to occur as follows. Because the
structure surface was more wettable by fluid 1, when (c)

From these evaluations, four characteristic modes were
confirmed, including two modes with droplet generation
X Y
IZ

. : ) Diamond-like Spherical
fluid 2 reached the structure, fluid 2 was not possible to Channeling Replacement droplet droplet

push fluid 1 out of the structure completely. As a result, - A

fluid 2 formed a channel only in part of fluid 1 filled in |
the scaffold. In the second mode, fluid 1 filled in the % ! ; :
scaffold was completely replaced by fluid 2. The ]
replacement mode was observed at cosd < 0 and small : : » - |
Ca values, that is, when the structure was more wettable
by fluid 2.

Droplets with two different shapes were observed.
First, diamond-like droplets generated from fluid 1 were
pinned to octahedral pillars. The diamond-like droplets

Figure 4 Generation of a 3D microdroplet array by
FLUID3EAMS. (a) Schematic of a micropillar scaffold
(left) and a photograph of a generated 3D droplet array
(right). (b) Schematics of an octahedral region inside a
. microscaffold functioning as a fluid trap and the basic
were observed over a wide range of Ca values under the L

. . . principle of FLUID3EAMS. (¢) Four modes after the
condition of —0.4 < cosf <0.2. As mentioned previously, . terf: ino throuch . ffold under different
it is likely that a pressure barrier was formed around the eriace passilg througt @ fmicroseattole vnier ciieren
1tis Y fluid and microstructural conditions. Adapted with

octahedral region, and consequently, the droplet ssion fi . .
’ ’ 17].C ht 2021 S Nature.
remained in the fluid trap after the interface passed permission from [17]. Copyrig pringer Sature

through the scaffold. The second droplet shape was

spherical. Spherical droplets were observed under cosf < 0 and large Ca values. In this mode, diamond-like droplets of
fluid 1, which were first generated in the octahedral region, were unpinned from the micropillar because the scaffold was
more wettable by fluid 2, and the droplets became spherical through the minimization of the surface energy. These droplet
shapes were confirmed experimentally and through fluid simulations performed using similar parameters. Among the
aforementioned cases, when cosf was < 0, the generation of spherical droplets was observed even after spontaneous
replacement from fluid 1 to fluid 2. This indicated that the spontaneous generation of a 3D droplet array is possible based
on capillarity without external fluid manipulation using a syringe pump or pressure pump (Fig. 4(a), right). Furthermore,
this method allows fast droplet generation. Droplets can be generated at a flow velocity of u = 10 mm/s; thus, a large
number of droplets can be generated in a short time by increasing the scale of the scaffold.

Fabrication of Microscaffold Structures and Tunability of Size of Droplets Generated by FLUID3EAMS

A 3D microscaffold structure must include a fluid trap for droplet generation by FLUID3EAMS. In our study,
multidirectional photolithography and 3D printing were used for fabricating such microscaffold structures.
Multidirectional photolithography is photolithography using ultraviolet (UV) light from multiple directions. As shown in
Fig. 5(a), a 3D microscaffold structure was fabricated by exposing the photocurable resin to UV light from multiple
directions through a photomask printed with a pattern of micropillars [40,41].

Regarding the selection of materials, a UV-curable polymer system that can modify the surface energy of scaffolds is
preferable. In our previous study [17], a UV-curable polymer system called off-stoichiometry thiol-ene (OSTE) was
selected as the material, which is suitable for the modification of the surface energy [42]. The major constituents of OSTE
are two monomers—one containing thiol groups and the other containing ene (allyl) groups. The total amount of either
the thiol or ene group was intentionally larger than that of the other, resulting in a surface containing unreacted functional
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groups after polymerization. The OSTE polymer surface,
including thiol groups, can be modified by rapid
photografting onto hydrophilic/hydrophobic surfaces [43]
or protein-immobilized surfaces [44]. Hansson et al.
fabricated a micropillar scaffold based on OSTE for the
first time, which was called “synthetic (microfluidic)
paper” [19]. Fig. 5(b) shows the synthetic paper composed
of slanted and mutually interconnected straight
micropillars. Because of this structural feature, the
synthetic paper is robust against mechanical collapse.
Furthermore, the synthetic paper has a large specific
surface area, making the synthetic paper advantageous for
biosensing or bioassays. Microfluidic devices based on
synthetic paper have been developed for various
applications, such as immunoassays and lateral flow tests
[45,46]. In addition, Kamiya et al. demonstrated that
synthetic paper strips can be used as dipsticks to sample
liquids [47].

FLUID3EAMS allows droplet generation on a variable
scale, depending on the size of the fluid trap in the 3D
scaffold structure. Droplet generation was demonstrated
from 1 mm (Fig. 4(a)) to 20 um (Fig. 5(c)) on the unit
length scale of the fluid trap. In addition, it was possible to
increase the number of droplets generated by changing the
area and thickness of the fabricated microscaffold
structure. Droplet generation on the cm? scale was
demonstrated [17].

The 3D arrangement of the droplets generated by
FLUID3EAMS was determined by the morphology of the
microscaffold structure. Multidirectional
photolithography can produce only a few types of
microscaffold structures, and the 3D array pattern of
microdroplets is limited to these structures [17]. In
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Figure 5
microfluidic devices and droplet generation. (a) Schematic

Micropillar scaffolds for capillary-based

of multidirectional photolithography. (b) Scanning
electron microscope image of fabricated synthetic paper.
Adapted with permission from [19]. Copyright 2016 The
Royal Society of Chemistry. (¢) Confocal microscope
image of generated 10-um-scale droplets. Adapted with
permission from [17]. Copyright 2021 Springer Nature.

addition, as long as the fluid and the interface behave as a

continuum, the size of the generated droplets can be miniaturized to the nanoscale (10-10? nm), but this is limited to the
scale at which microscaffold structures can be fabricated using the current fabrication methods. In fact, the scale of the
scaffold remained at 10 pm, which is the empirical fabrication limit for multidirectional photolithography. However,
droplets can be generated in a microscaffold structure manufactured using a 3D printer [17]. In the near future, 3D printers
are expected to enable the generation of 3D droplet arrays with arbitrary morphologies and further miniaturization of the
droplet size, for example, with the use of two-photon microstereolithography with a scale resolution of approximately 100
nm [48].

Application of FLUID3EAMS

Microdroplet arrays generated by FLUID3EAMS have various potential applications, and several applications have been
demonstrated [17]. Here, the formation of composite structures, including droplet arrays with different material phases,
tissue-like network formation of microdroplets via artificial cell membranes, and encapsulation of highly dense cells in
droplets are introduced.

Because the droplet arrays generated by FLUID3EAMS have a state of spatial separation, the risk of coalescence of the
droplets is negligible, and the droplets are kept stable without the use of surfactants. Taking advantage of this feature, as
the first application, composite structures containing droplets and the surrounding solution in different phases have been
fabricated by changing the phases of fluids 1 and 2 to solid (gel or polymer), liquid, and gas. Hydrogelation or
polymerization of the liquid phases was employed to form composite structures, including solid phases (Fig. 6(a)).

The second application is 3D droplet interface bilayer (DIB) network formation. The DIB network is a tissue-like
network composed of water-in-oil droplets whose droplets are connected by lipid bilayers. Generally, it is difficult to
assemble a 3D array of droplets forming a DIB network in an arbitrary arrangement. Droplet arrays generated in a
microscaffold structure by FLUID3EAMS can be applied to overcome this challenge; single-layered 2D droplet arrays
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are generated by FLUID3EAMS and then stacked to
form a 3D DIB network. The 3D arrangement of
droplets can be defined by the mechanical
immobilization of droplets in microscaffold structures.
Furthermore, the advantage of this method lies in its
ability to pattern the solution composition in 3D by
patterning reagents to droplets in the individual 2D
array before stacking (Fig. 6(b)).

Finally, the formation of hydrogel beads containing
highly dense cells was demonstrated. Compared with
ordinary microfluidic droplet generators,
FLUID3EAMS allowed droplet generation with
relatively low shear, resulting in the encapsulation of
denser cells into droplets. Subsequent hydrogelation
converted the droplets into hydrogel beads,
immobilizing highly dense cells (Fig. 6(c)). The
generated gel beads can be released from the scaffold
structure by laterally flowing oil; thus, it is possible to
obtain individual hydrogel beads containing highly
dense cells. The hydrogel beads containing highly
dense cells are expected to contribute to cell therapy.
Cell-containing hydrogel beads formed via this method
have sizes on the order of 100 pm. This size is suitable
for transplantation in cell therapy. Furthermore, this
method is useful for cell therapy, because the density of
encapsulated cells is approximately one order of
magnitude higher than that for conventional methods.
In addition, FLUID3EAMS has been used to form core—
shell particles containing cells by forming a polymer
thin film on the droplet surface.

Summary

The methods for the spontaneous generation of 3D
droplet arrays based on capillarity have been reviewed.
Starting from the general formats of capillarity-based
microfluidic devices, methods to generate droplets
using two-phase flows driven by capillarity, i.e., oil—-

Yasuga: 3D Droplet generation by capillarity
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Figure 6 Application of FLUID3EAMS. (a) Generation of
droplet arrays with different material phase combinations. (b)
Demonstration of the ability to pattern solution contents of
droplets in a DIB network. (¢) Encapsulation of highly dense
cells (Glioma cell line U87) in alginate hydrogel beads. Left:
general view of one gel beads. Right: enlarged view. Green
fluorescence indicates actin filaments stained with Alexa
Fluor 488 phalloidin, and blue fluorescence indicates nuclei
stained with Hoechst. Adapted with permission from [17].
Copyright 2021 Springer Nature.

water replacement, were introduced. This review focused on a novel method based on FLUID3EAMS for generating
arrays of droplets and hydrogel beads that are useful in various research fields, such as the development of periodic
materials containing multiple phases, the formation of tissue-like networks, and the microencapsulation of biological cells.

The microscale 3D droplet array generated by FLUID3EAMS has a large liquid-liquid specific surface area that can
theoretically reach a scale of 1 m?cm?. By exploiting this feature, I expect the development of a droplet-based
microreactor system whose droplets enclose cells, tissues, or microorganisms with perfusion functions. In addition, this
feature is of potential interest for the development of gas-adsorption materials. In future research, it will be necessary to
generate droplets on a further miniaturized scale via FLUID3EAMS, which is important for digital bioassays. Currently,
I and collaborators are working on the generation of submicron-scale droplets using stereolithography 3D printers and
two-photon microstereolithography, and future achievements will introduce further possibilities for capillarity-based

droplet systems.
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