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The structure of microdroplet and microparticle is a critical factor in their functionality, which determines
the distribution and sequence of physicochemical reactions. Therefore, the technology of precisely
tailoring their shape is requisite for implementing the user demand functions in various applications. This
review highlights various methodologies for droplet shaping, classified into passive and active
approaches based on whether additional body forces are applied to droplets to manipulate their
functions and fabricate them into microparticles. The passive approaches cover batch emulsification,
solvent evaporation and diffusion, micromolding, and microfluidic methods. In active approaches, the
external forces, such as electrical and magnetic fields or optical lithography, are applied to

Received 15th April 2021 microdroplets. Special attention is also given to latest technologies using microdroplets and
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microparticles, especially in the fields of biological, optical, robotic, and environmental applications.
DOI-10.1039/d1na00276g Finally, this review aims to address the advantages and disadvantages of the introduced approaches and

rsc.li/nanoscale-advances suggests the direction for further development in this field.

1. Introduction microc?p:?ules in which colloidal particles ar(? 'tigh'tly packe'd as

the building blocks for the shell.**?” The utilization of micro-
Microdroplets are 1-1000 um in size and can be transformed droplets as templates allows the production of versatile micro-
into emulsions and microparticles according to their composite ~particles with their shapes largely relying on those of the
materials and their thermodynamic status (Fig. 1, inner core)."*
Since microdroplets possess a wide range of structural and
functional abilities, they are important for numerous applica-
tions in fields such as biomedical, food, pharmaceutical, envi- passive methods
ronmental, robotics, and energy.”

Emulsions are thermodynamically stable dispersions of
liquid mixtures consisting of at least two immiscible liquids,
such as oil and water.**** The emulsions are designated as A/B
emulsions, indicating that phase A is covered by phase B (i.e. W/
O emulsion means that the aqueous phase (W) is covered with
the oil phase (O), and vice versa).'®* The complexity of the
emulsions increases due to their unique and various geometries
such as Janus, Cerberus, or multilayer emulsion forms, and also
by their composition, e.g. containing polymers, nanoparticles,

Electrical Others
=7 W
biomolecules, or using mixtures of surfactants.*'’* ). < -

Microparticles are solid or gel particles composed of various
natural or synthetic substances, such as polymers, lipids, or
ceramics.>**** Colloidal nano/microparticles are also used to
generate colloidosome microparticles in the form of
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droplets.”®® The precisely controlled emulsion templates are
physically or chemically treated for solidification, for example,
via gelation or crystallization.”*** Beyond the materials used, the
structure and the shape also determine the properties of the
microparticles. With the recent mature development of micro-
fabrication techniques, microparticles are produced in a variety
of shapes.

In general, the overall physicochemical properties of the
microdroplets are largely governed by both their structures and
component materials. Therefore, the consistent and controllable
creation of the unique structures of microdroplets is desired in
order to meet the ever-increasing demands of microdroplets in
various applications.* This review mainly focuses on introducing
the methodologies to generate microdroplets and transforming
them into various functional shapes of emulsions or micropar-
ticles. The methods are classified into passive and active
approaches based on whether additional body forces, such as
electrical, magnetic, optical, and mechanical controls, are
applied to droplets for their generation or shaping (Fig. 1, outer
shell). To explain the explicit principles of each method, we focus
more on introducing various morphologies of microdroplets that
are manipulated by appropriate methods. The following contents
are the latest applications for well-tailored emulsions or micro-
particles that have been widely applied, especially in the fields of
biological, optical, robotics, and environmental applications
(Fig. 1, middle shell).

2. Passive methods

Passive methods to manipulate the shaping of the micro-
droplets rely only on the interfacial forces on the interfaces of
the immiscible liquids according to the thermodynamic prin-
ciples of minimizing interfacial energy. To guide the direction
of interfacial forces, well-tailored containers, surfactants or
evaporation are used. Here, representative passive methods for
manipulating the microdroplet shapes to make emulsions and
microparticles using batch emulsification, solvent evaporation
and diffusion, micromolding methods, and microfluidic
methods are introduced.

2.1 Batch emulsification

The typical strategy for fabricating microdroplets on a batch-
scale is the simple pipetting or vortexing of immiscible
liquids, leading to emulsifying one phase into the other. The
resulting topologies of the emulsified microdroplets are shaped
based on the free energy balance between the liquids. The batch
emulsification provides superiority in the easy and mass
production of microdroplets, as compared to other relatively
complex manufacturing methods such as microfluidics and
micromolding.?*¢

Various shapes and complexities of the droplets have been
designed by manipulating the chemical composition, volume
ratio, as well as the number of the mixed solutions.?”~** One-step
vortex mixing, the simplest type of emulsification on a batch-
scale, was introduced to produce Janus emulsions by Friberg
et al. and Guo et al. (Fig. 2A).*>*' The Janus emulsion was made

3396 | Nanoscale Adv, 2021, 3, 3395-3416

View Article Online

Review

by emulsifying two immiscible oils, a vegetable oil (VO) and
a silicone oil (SO), in an aqueous phase (W), so that each droplet
consisted of two oils against the minor fraction of aqueous
solution.*” The configuration of the emulsions distinctly varied
with the weight fraction of the aqueous solution to the total
weight of the solution. When a fraction of aqueous solution
exceeded 0.3, the simple Janus emulsions of (VO + SO)/W were
predominant in the solution, while when the fraction was 0.1,
most of the droplets were in forms of double Janus emulsions of
(VO + SO)/W/VO, or triple Janus emulsions of (VO + SO)/W/VO/
SO. This simple vortex mixing method was further developed to
produce finely designed Janus emulsions.*” They quantitatively
investigated the effect of the contact angle and the location of
the contact plane between the phases on droplet morphology.
The contact angle is related to the interfacial tension equilib-
rium at the contact line between the phases, and the location of
the contact plane was determined by the volume ratio of VO/SO
within individual droplets. By precisely adjusting the volume
ratio of two oils and surfactant concentration, the anisotropic
geometry, such as snowman and dumbbell shapes, and the size
of Janus droplets could be designed.?”3%>

The Cerberus droplets were produced by mixing three
mutually immiscible oils with surfactants in aqueous solution
(Fig. 2B(i)). Compared to Janus droplets, the Cerberus droplets
provide an additional free dimension, allowing for more
complex anisotropic geometries. The Cerberus droplets with
various shapes, including linear-singlet and engulfed-linear,
were obtained by varying the composition, volume ratio, and
emulsification energy (Fig. 2(ii)). By polymerizing a specific
component of the Cerberus droplets, anisotropic particles
consisting of single, binary, and ternary components were
produced with diverse morphologies (Fig. 2B(iii)).** For
instance, by selectively polymerizing the Cerberus droplets
consisting of two photocurable oils, i.e. ethoxylated trimethy-
lolpropane triacrylate and methacryl oxypropyl dimethylsilox-
ane, and incurable fluorocarbon oil, microparticles with
crescent moon, sphere-in-lens, and sandwich-Janus morphol-
ogies were obtained with homogeneous or multiple distinct
chemical compositions.

In order to fine-tune the structure of droplets that were
already formed, some researchers programmed the thermody-
namic properties of the phases. Swager et al. explored the
geometry alternation of the droplets in response to the temper-
ature changes, which induced the phase separation of liquids,
providing a simple and scalable approach of compartmentali-
zation.>®* When vortexing at a temperature above the consolute
temperature (7. = 22.65 °C), above which phase separation could
not occur, hexane and perfluorohexane were miscible and
emulsified in an aqueous solution of Zonyl FS-300, which is
a nonionic fluorosurfactant (Fig. 2C(i, ii)).** When cooling below
T, the phase separation of hexane and perfluorohexane occurred
and yielded double-emulsion droplets (Fig. 2C(iii, iv)). A similar
phase transformation strategy of fluorocarbon was employed by
Borden et al. to reversibly generate the disc-in-sphere geometry of
emulsion  droplets.**  The  perfluoropentane  (CsFy,)/
perfluorododecane (C;,F,6) liquid mixture was emulsified at
a temperature higher than the melting temperature of CsFi,.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Batch emulsification methods for microdroplet generation. (A) Janus emulsions formation from water, vegetable oil, silicon oil and
surfactant. (B) Cerberus microdroplet and anisotropic microparticle formation. (i) Emulsification; (i) various Cerberus droplets obtained by
varying the composition, volume ratio, and emulsification energy; (iii) various anisotropic particles templated from the Cerberus droplets. (C)
Temperature-controlled phase separation of hydrocarbon and fluorocarbon liquids to create a thermal-sensitive emulsion. (i) Droplet fabrication
with a 1: 1 volume ratio of hexane and perfluorohexane in an aqueous solution of nonionic surfactant Zonyl FS-300. (ii) Above T, hexane and
perfluorohexane are miscible and emulsified. Below T, hexane and perfluorohexane phases separate to create a double emulsion droplet; the
scale bar is 200 um. (iii) Droplets produced in bulk by shaking hexane—perfluorohexane liquid show a polydispersed size, while the morphology
and composition are uniform; the scale bar is 100 um. (iv) Lateral confocal cross-section image of double-emulsion droplets; the scale bar is 100
um. (D) (i) Endoskeletal droplets with the unique disc(CsFi,)-in-sphere(Ci,F,6) morphology. Blue arrows and white arrows indicate side-
orientated and top-oriented discs, respectively. Inset shows a fluorescence image of a side-oriented disc; the scale bar is 20 pm (10 um in the
inset). (i) The disc solidified and melted in accordance with temperature; the scale bar is 10 um. Reproduced with permission from ref. 34, 41, 43
and 44. Copyright 2011 Elsevier. Copyright 2018 American Chemical Society. Copyright 2015 Nature Research. Copyright 2020 American

Association for the Advancement of Science.

When cooled to room temperature (25 °C), CsF;, was solidified to
form solid disc structures, thereby generating endoskeletal
droplets with disc-in-sphere structures (Fig. 2D(i, ii)). The disc
shape of the inner core arose from the asymmetric growth of
crystalline CsF;,, where the interfacial transport (removal of
latent heat and solute attachment) was faster in the radial
direction than in the axial direction.

2.2 Solvent evaporation and diffusion method for the
shaping of nano/microparticles

The solvent evaporation method is a versatile and facile tech-
nique for producing well-structured nano/micro-scale particles
through the self-assembly of block copolymers (BCPs).**™** A
water-immiscible volatile solvent with BCPs is used as the
dispersed phase, which is then emulsified with the aqueous
phase containing a surfactant in order to form emulsion
droplets. The subsequent removal of the solvent by evaporation
or diffusion into the aqueous continuous phase converts
emulsion droplets into polymeric particles.

The self-assembly of BCPs confined in a tiny droplet of
hundreds of nanometers generated particles with a periodic
structure.**>* Jeon et al investigated the interface-driven

© 2021 The Author(s). Published by the Royal Society of Chemistry

morphological evolution of a diblock copolymer of poly-
styrene-block-polybutadiene (PS-b-PB) enclosed in O/W emul-
sion droplets with polystyrene-block-poly(ethylene oxide) (PS-b-
PEO) and poly-butadiene-block-poly(ethylene oxide) (PB-b-PEO)
as surfactants.®® The emulsion droplets were solidified by the
evaporation of the solvent, yielding PS-b-PB particles with
unique external shapes and internal morphologies, which
differed depending on the type of surfactant (Fig. 3A). When
only PS-b-PEO surfactant was present, onion-like lamellar
structured particles were formed, while with the mixed surfac-
tants of PS-b-PEO and PB-b-PEO, prolate particles were formed
due to the neutralization of the interfacial affinity for BCPs as
well as the surfactant rearrangement at the interface.

Aside from the surfactant effect, the addition of polymer-
coated surfactant nanoparticles also leads to dramatic changes
in the shape of the particles.*** The nanoparticles modulate the
interfacial interactions between the emulsion droplets contain-
ing BCPs and the surrounding amphiphilic surfactant. Mean-
while, by the selective crosslinking of the dispersed phase of self-
assembled BCPs and the subsequent disintegration of the
uncrosslinked phase, the complex structured particles, e.g.
cylinders, Janus, ring, and disc structures, were fabricated from

Nanoscale Adv., 2021, 3, 3395-3416 | 3397
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Fig.3 Solvent evaporation and diffusion methods for the shaping of nano/microparticles. (A) Evaporation-induced self-assembly with a single or
mixed surfactant. (B) TEM images of (i) ellipsoids with stacked discs and nanodiscs from the ellipsoids after disassembling with ethanol. (ii) Bud-
like PDP particles with stacked cup structures and nano-cups from bud-like particles after disassembling. (C) TEM images of PS-b-P4VP colloidal
molecules with increasing the number of bulges. (D) (i) Evolution of wrinkled particles from an emulsion droplet containing PS and HD during
solvent removal. The elapsed time was (a) 0's, (b) 49 s, (c) 51 s, and (d) 66 s. (i) Microparticles obtained from the emulsion droplets containing
10 mg mL~! PS and varying contents of CA: (@) 0 mg mL™%, (b) 0.5 mg mL™%, (c) 1.0 mg mL™, and (d) 3.0 mg mL™. (E) (i) Formation of poly-
mersomes by solvent evaporation from double emulsion templates. (i) Polymersomes formed from the PEG-b-PLA diblock copolymer. The red
arrows indicate aggregates of excess PEG-b-PLA; the scale bar is 50 um. (iii) Multicompartment PEG-b-PLA polymersomes encapsulating
isothiocyanate-dextran (green) and poly-(ethylene glycol) (gray) separately in two compartments. Reproduced with permission from ref. 47, 49,
53,56, 58 and 60-62. Copyright 2008, 2011, 2012 and 2013 Wiley-VCH. Copyright 2006, 2008 and 2020 American Chemical Society. Copyright

2008 National Academy of Sciences.

the pre-formed BCP assemblies.***** Deng et al. produced poly-
styrene-b-poly(4-vinyl pyridine) (PS-b-P4VP) particles that were
hydrogen-bonded with 3-n-pentadecylphenol (PDP), as the pre-
formed BCP assemblies (Fig. 3B).*> Subsequent disassembly of
the BCP particles by breaking the hydrogen bond disintegrated
the particles to produce individual components. The amount of
PDP greatly influenced the structural change. When PDP was not
included, a symmetrical copolymer of PS-b-PAVP was formed,
which had ellipsoids with a stacked lamellar structure (Fig. 3B(i)).
By disassembling the stacked PS-b-P4VP lamellar ellipsoids in
ethanol, which is a good solvent for PAVP but not for PS blocks,
nano-disc particles were obtained. The introduction of PDP into
PS-b-P4VP induced the internal morphological transition to bud-
like particles with stacking cup structures, and disassembling the
stacked cups derived isolated particles with individual nano-cups
(Fig. 3B(ii)). When PS-b-P4VP was self-assembled under strong
confinement conditions, typically, where the particle size was less
than 100 nm, colloidal molecules with various bulging 3D
structures, e.g., snowmen, dumbbells, triangles, tetrahedral, and
raspberries, were synthesized (Fig. 3C).*** Bulges regularly
protruded from the particle surface and the number of bulges
increased depending on the particle size.

3398 | Nanoscale Adv, 2021, 3, 3395-3416

When the size of the emulsion droplet was increased to the
microscale, polymer microparticles with controllable surface
textures were produced by the interfacial instabilities of emul-
sion droplets.*”*® Emulsion droplets of solvent containing
hydrophobic polymers or BCPs, such as polystyrene (PS) or PS-b-
poly(methyl methacrylate), and fatty alcohol co-surfactants such
as n-hexadecanol (HD) and n-cetyl alcohol (CA), were generated.
The continuous phase was an aqueous solution with surfactant.
As the organic solvent diffused and evaporated through the
aqueous phase, a reduction in the interfacial area of shrinking
emulsion droplets triggered interfacial instabilities to form
wrinkled surfaces (Fig. 3D(i)). The surface textures of the parti-
cles could be precisely adjusted from smooth to rough textures
by varying the surfactant concentration or the rate of solvent
evaporation. For example, as the contents of CA increased from
0.1 to 3 mg mL ™"
ually increased from slight to enhanced wrinkles (Fig. 3D(ii)).

The solvent evaporation method was also utilized to fabri-
cate polymersomes which are vesicles surrounded by
membrane walls composed of lamellae of BCPs.*> A double
emulsion, W/O/W droplets with a core-shell structure, was
typically prepared with BCPs dissolved in the middle oil

, the surface roughness of the particles grad-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase.”>%*¢* Evaporation of the solvent oil then led to the
assembly of BCPs into monolayers at the oil-water interfaces,
accordingly forming the polymer bilayers, polymersomes
(Fig. 3E(i, ii)).**** By preparing the double emulsions with
different numbers of inner aqueous droplets for the templates,
non-spherical polymersomes could be produced, which encap-
sulated multiple compartments (Fig. 3E(iii)).*>

2.3 Micromolding methods for structured microparticle
generation

In the conventional micromolding technique, a curable fluid is
filled into shaped micromolds and it becomes solid particles
with replicated shape via polymerization, thereby creating the

specific three-dimensional microstructures in a simple,

A C
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(l) Polymer Pressing Mold Removal 2nd Layer Alignment
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View Article Online

Nanoscale Advances

scalable, precise and controllable manner.**"* DeSimone et al.
pioneered a technique, known as particle replication in a non-
wetting template (PRINT), to produce monodisperse particles
while simultaneously controlling the structure and function of
the particles.®**® They fabricated a perfluoropolyether (PFPE)
mold with negative micro/nano features to imprint it on a liquid
precursor compound. This mold was not wet with organic
material, allowing liquid precursor entrapped within the mold
features to be isolated and solidified into the target shape
(Fig. 4A). The PRINT technology has evolved into an automated
roll-to-roll system for the continuous and mass production of
the particles.®

In contrast to the studies in which particles formed repli-
cated shapes of the mold, Choi et al. attempted to synthesize
various shapes of particles with spherical, convex, concave, and

—

Fig. 4 Micromolding methods for structured microparticle generation. (A) In the PRINT process, the mold composed of the nonwetting
fluorinated materials and surfaces confines the liquid precursor inside the features, which could generate isolated particles. (B) Distinct shapes of
microparticles in an identical micromold. (i) Evolution from liquid solution to spherical droplet. (i) Sequential steps of loading photocurable fluid,
wetting, and droplet formation for droplet formation in the micromold. (C) Controlled fabrication of microparticles with complex 3D geometries
of (i) concave-flat, (ii) microspheres enclosed in cuboid, (iii) concave-sphere/nonsphere, and (iv) tricompartment particles. (D) Assembly of 3D
microstructures using the (i) stamped assembly of polymer layers (SEAL) process. A variety of microstructures made by the SEAL method,
including (ii) stars, (iii) two-layered tables, and (iv) three-layered chairs. (E) SEAL-fabricated controlled-release microparticles by aligning an array
of particle caps with drug-filled bases. SEM images of (i) a single particle, (i) the core of a particle, (iii) a sealed particle, (iv) a cross-section of
a single particle and (v) an array of sealed particles. Optical images of (vi) an array of bases, (vii) an array of filled particles, and (viii) a side view of
a single-filled particle. Reproduced with permission from ref. 66, 71, 72 and 74. Copyright 2005 and 2015 American Chemical Society. Copyright
2012 Wiley-VCH. Copyright 2005 American Association for the Advancement of Science.
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Janus forms, which differed from the original shapes of the
molds by utilizing surface-tension-induced flow.*>”*”* Poly(-
dimethylsiloxane) (PDMS)-based micromolds fabricated from
standard soft lithography were filled with photocurable
poly(ethyleneglycol)-diacrylate (PEG-DA) solution. Once the
wetting fluid (mineral oil) containing a photoinitiator was
applied on top, the curvature of the PEG-DA solution was
formed due to the interfacial tension between the wetting fluid
and the photocurable fluid; thereafter, the photocurable solu-
tion polymerized to a uniform 3D curvature (i.e. concave or
convex) and monodisperse spheres (Fig. 4B(i)).”> The curvature
of the wetting fluid formed on the edge of the mold induced the
pressure difference to cause the photocurable fluid to move
toward the center of the mold and consequently formed
a spherical droplet (Fig. 4B(ii)). With a similar strategy, Jung
et al. demonstrated the fabrication of chemically functional and
monodisperse hydrogel microspheres with a macroporous
core-shell structure.” Highly uniform poly(ethyleneglycol)-
based microspheres containing an aminopolysaccharide chi-
tosan were fabricated utilizing surface-tension-induced droplet
formation followed by polymerization-induced phase
separation.

Choi et al. further reported the controlled fabrication of
complex 3D shapes of microparticles based on the swelling of
the mold and the capillarity between various wetting fluids
(fluorinated oil, paraffin oil, PDMS 20 cP, and PDMS 5 cP) and
the photocurable solution.”” When the PDMS-based mold was
exposed to the wetting fluid, the mold swelled and this led to
the spatial deformation of the inner photocurable solution. The
solution was transformed into its final shape by the capillary
force between the solution and wetting fluid and then solidified
via ultraviolet (UV)-induced polymerization, whereby polymer
particles with permanent structures were obtained.>”* Multi-
compartment microparticles with nonsphere/nonsphere and
sphere/nonsphere configurations were fabricated by sequen-
tially combining the above manufacturing processes. Fig. 4C(i)-
(iv) show the concave-flat, microspheres enclosed in cuboid,
concave-sphere/nonsphere, and tri-compartment microparti-
cles (possessing spherical, concave, and convex shapes within
a single particle), respectively.

On the other hand, microparticles with higher-order
complex geometry could be produced by the layer-by-layer
combination of the imprinted particles, named the stamped
assembly of polymer layers (SEAL) method. McHugh et al
produced high-resolution microparticles by SEAL with a variety
of materials, including biodegradable poly(lactic-co-glycolic
acid) (PLGA).>»"* PDMS was used as an inverse elastomeric mold
derived from a silicon wafer mold with complementary patterns
etched by the microfabrication technique (Fig. 4D(i)). The PLGA
was heated and pressed into the PDMS molds to produce the
micro-components of interest, and then delaminated onto
a separate surface such as a glass substrate. Subsequent layers
for the final structure were assembled with micro-alignment
through a layer-by-layer sintering process. In this way, SEAL
facilitated the formation of large arrays of microstructures,
including a 3D star, a two-layered table, and a three-layered
chair (Fig. 4D(ii, iii and iv)). The core-shell particles
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embedding the drug solution were also created by using the
same SEAL strategy. The thermoplastic polymer containers were
fabricated from the mold, filled with drug, and then sealed with
polymer lids (Fig. 4E).

2.4 Microfluidic methods for complex structured
microdroplet formation

Microfluidic systems offer a versatile route to produce highly
monodisperse emulsions with unprecedented accuracy.”>”®
Microfluidic droplet generator devices manipulate the discrete
and small volumes (micro to femto liter) of immiscible fluids in
a laminar flow regime. For generating microdroplets, an inner
fluid, called the dispersed phase, is introduced into another
immiscible fluid, named the continuous phase, thereby leading
to a breakup of the inner dispersed phase into monodisperse
droplets. The dripping of the inner fluid is a resultant of
competing stresses between surface tension, which reduces the
interfacial area, and viscous drag force, which drags the inter-
face segment.””

The glass capillary microfluidic device, which has been
widely used, was first introduced by Weitz et al. in 2007.7® Glass
exhibits high strength and rigidity, high chemical stability, and
transparency that facilitates internal flow.” The glass capillaries
are heated and pulled into a fine tip, and aligned to a fluid path.
In a coaxial flow device, a round capillary is aligned into
a square one in which the continuous and dispersed phases
flow in the same direction.” As the fluids flow, monodisperse
droplets are periodically formed at the tip of the capillary
orifice. In an alternate geometry of a flow-focusing device, the
continuous and dispersed phases are introduced from the
opposite side of the capillaries. The inner fluid is hydrody-
namically focused by the outer fluid and ruptured into tiny
droplets at the narrow-tapered orifice. The co-flow and flow-
focusing geometries can be combined and repeated in
a manner for producing multiple emulsions (Fig. 5A).7>7%%

PDMS-based microfluidic devices mostly have the planar
flow-focusing configuration mounted on a glass substrate
(Fig. 5B).** PDMS is by far the most widely used material for the
microfluidic devices due to its advantages of transparency,
flexibility, biocompatibility, and ease of mass-production.® In
addition, lithography techniques (soft-lithography and photo-
lithography) allow for the fabrication of highly complex flow
channels with high resolution down to ~1 pm, allowing multi-
functions to be realized in the microdevice. Despite these
advantages, the lithographic technique still requires specialized
equipment, expensive base materials, and considerable exper-
tise.®® As an alternate low-cost and simple method, for instance,
acrylic-based microfluidics or paper-based microfluidics have
been introduced (Fig. 5C and D).**®** In this sense, Song et al.
recently introduced a 3D printed modular microfluidic system
for droplet generation (Fig. 5E).*® The microfluidic designs were
printed directly with a transparent UV-curable polymer by
a high-precision 3D printer. Once properly cured, the modules
were assembled with their unique connector design in a leak-
free manner with minimal hydraulic resistance (Fig. 5E(i)).
Since each individual module can be designed and assembled

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for a specific purpose, this modular system has a high degree of
flexibility for broader applications. They demonstrated that
these integrated modules could produce and manipulate
emulsion droplets ranging from single-phase to dual-core
multiphase droplets (Fig. 5E(ii)).

Unlike the above examples in which additional flow-
inducing pumps are required, Maeda et al. introduced a centri-
fuge-based droplet shooting device (Fig. 5F).*® A typical tabletop
centrifuge and a microtube, where a multi-barrelled capillary
channel was built-in, were needed for particle synthesis. During
centrifugation, the solution filled in each capillary barrel was
pumped out due to centrifugal force, and formed pendant
droplets at the tip of the capillary. The droplets detached from
the orifice when centrifugal force surpassed the counteracting
drawing force of interfacial tension.

2.5 Complex structured microdroplets and microparticles
formed by microfluidics

Versatile designs of microfluidic devices enable the production
of microdroplets with highly diverse structures where the
number, content, volume ratio and size of the encapsulated
droplets can be controlled.”®**%% Wang et al. constructed
a microfluidic device by the on-demand arrangement of three
basic building blocks: (i) a droplet maker for generating
droplets, (ii) a connector for merging droplets from different

© 2021 The Author(s). Published by the Royal Society of Chemistry

droplet makers, and (iii) a liquid extractor for removing
redundant fluid from the continuous phase.*” This hierar-
chical microfluidic device enabled the generation of various
high-order multicomponent multiple emulsions, such as
quadruple-component  double  emulsions, quintuple-
component double emulsions, quintuple-component triple
emulsions, and even sextuple-component triple emulsions
(Fig. 6A). Similarly, by using a multi-barreled capillary for
inner core fluid, particles possessing axisymmetric three-,
four-, and six-compartment bodies were obtained (Fig. 6B).*®
The pendant droplets from each capillary, which contained
sodium alginate solutions, were immediately gelated in
a CaCl, solution reservoir so that the multi-compartment
particles retained axially symmetric geometries with clear
compartmental separations. Meanwhile, the hollow micro-
capsules with two different sides (Janus shells) could also be
formed from the double emulsion templates (Fig. 6C).* Two
co-flowing poly(N-isopropylacrylamide) (pNIPAm) photoc-
urable streams, each of a different color, were used to encase
the kerosene oil droplet and were emulsified with paraffin oil
(Fig. 6C(i)). The curing of the pNIPAm droplets with UV poly-
merization and the removal of the inner kerosene oil phase by
washing with isopropanol yielded the hollow microcapsules

Nanoscale Adv., 2021, 3, 3395-3416 | 3401
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0z and the Neumann's triangle. Stability diagram representing possible morphologies of a double droplet consisting of phases A and B, where Vj
= V. (ii) The formation of multiple droplets with increasing segments with time; the scale bar is 200 pm. (F) The balance of three interfacial
tensions of a ternary droplet emulsion. Biconcave microparticles fabricated using selective photopolymerization. Reproduced with permission
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2012 Nature Research.

In addition to the aforementioned spherical droplets, it is
also possible to create non-spherical droplets with micro-
fluidics. Zhao et al. employed a capillary microfluidic device
composed of four inner capillaries, one middle and one outer
capillary for the generation of elongated rod-like double emul-
sion templates consisting of multiple colloidal photonic crystal-
or magnetic-labeled ETPTA cores and a PEG hydrogel shell
(Fig. 6D(i)).** The four-core double emulsion template was
compressed by the outer capillary to form an elongated shape
arrayed with four photonic crystal cores, followed by UV poly-
merization (Fig. 6D(ii)). Because the photonic crystal cores
possessed distinct and extremely stable reflection wavelengths,
the polymerized microparticles were applied as a barcode
system. The non-spherical droplets were also generated by
using the Janus droplet templates where the interfacial forces of
the three liquid phases were precisely controlled.'”** Guzowski

3402 | Nanoscale Adv, 2021, 3, 3395-3416

et al. examined the microdroplets made up of multiple Janus
droplets, i.e., an arbitrarily long chain of immiscible droplet
segments (Fig. 6E).”” When droplets of two immiscible liquids
were brought into contact with a third host liquid, three equi-
librium topologies appeared, depending on the interfacial
tensions between the three liquid phases, i.e., non-engulfing,
complete engulfing, and partial engulfing configurations
(Fig. 6E(i)). The multiple Janus droplets could be generated by
supplying partially engulfed two-liquid phases one after the
other, carefully preventing the coalescence of the segments
(Fig. 6E(ii)). In these droplet chains, the individual segments
were bound by three interfaces: one with the external phase and
two with the adjacent segments of the other phase. Accordingly,
the segments formed interchangeable biconvex and biconcave
particles. The synthesized biconvex and biconcave particles of
less than 100 pm in diameter could be used as optical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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microlenses. Nisisako et al. also showed the fabrication of
biconcave polymer microlenses from ternary emulsion droplets
(Fig. 6F).*> Monodisperse ternary emulsion droplets were
produced, which contained a photocurable phase of a 1,6-hex-
anediol diacrylate (HDDA) and two non-curable segments of SO.
In the ternary droplet templates (SO-HDDA-SO of the three-
phase parallel stream), only the photocurable HDDA phase
was selectively polymerized and SO phases were removed,
whereby polymeric microparticles with two concave surfaces
were formed. The radius of curvature of the lenses could be
varied by controlling the flow rate ratios of the three phases
within a microfluidic droplet generation device.

3. Active methods

Active methods utilize external energy input such as electric,
magnetic, optic, and mechanical controls to modulate the
microdroplet shape. The additional energy input modifies the
force balance at the interface and thus manipulates interfacial
instabilities.

3.1 Electrical method for manipulating microdroplets

When an electric field of strength E, is applied to the liquid
droplet submerged in another low-conductive immiscible
liquid, free charge in both liquid phases accumulates at the
interface between the two immiscible fluids, inducing electrical
stress and electro-hydrodynamic flow around the droplet. The
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electrical stress causes the electro-hydrodynamic deformation
of the droplet, which was theoretically explained by Taylor with
a ‘leaky dielectric model’.** This model scales the electrical
stress under a DC electric field applied to the droplet as fg ~
Q(R,S)Cag, where R = 0iy/0 0y and S = ¢jn/e0u: represent electrical
conductivity (¢) and the permittivity (¢) ratio of the droplet (in)
and the outside liquid (out), respectively. The electric capillary
number (Cag = eouFo a/y) is the ratio of electric force to inter-
facial force, where a is the droplet radius and 7 is the interfacial
tension. The droplet deformation type is classified according to
the ratio of R and S. For instance, a castor oil (CO)/silicone oil
(SO) droplet is deformed into the prolate (PR) shape when R/S >
1, and into the oblate (OB) shape when (R/S < 1) (Fig. 7A).°**
The deformation of a multi-phase emulsion droplet could be
described in the same way as that of a single emulsion droplet.
For example, under a weak electric field, the spherical double
emulsion droplet is deformed into PR-PR, PR-OB, OB-PR, and
OB-OB (inner-outer interface; PR stands for prolate and OB
stands for oblate) according to the R/S across each interface.***”
When the electric field strength increases, the emulsion droplet
becomes unstable and eventually breaks up, which has been
studied for various applications.®®*° Abbasi et al. reported the
various breakup modes of double emulsion droplets, CO/SO/CO
and W/SO/CO, under a DC electric field (Fig. 7B).**** In this
system, the volume ratio of the core and shell (), electric
capillary number (Cag), and interfacial tension (y) decided the
breakup modes of the core droplet, and depending on the

O Mode II ' <I Mode 111 <& Mode IV

® & ¢ —

PS16 PS64

Fig. 7 Electrical methods for manipulating microdroplets. (A) Simulation and experimental results of the electro-hydrodynamic deformation of
emulsion droplets. The stream lines and the shapes of (i) the oblate deformed droplet (R/S < 1) and (i) the prolate deformed droplet (R/S > 1). (B)
Multimodal breakup of CO/SO/CO double emulsion droplets under a DC electric field. (C) Electric field-induced assembly of polystyrene (PS)
particles (40 um) and silver-coated glass spheres (15 and 55 um) on a silicone oil droplet. The PS particles were chemically treated to increase
their electrical conductivity and labelled as PSO, PS16, and PS64, where the numbers refer to the sulfonation reaction time in minutes. (D) Various
types of Janus capsules fabricated by the electro-coalescence of patchy colloidal oil droplets with different particle concentrations and droplet
sizes: (i) spherical capsule, (i) oval capsule, (iii) dumbbell-like capsule, (iv) double-ball capsule, and (v) bulb-like capsule. (E) The electro-
hydrodynamic co-jetting process for generating bicompartmental spherical, rod-shaped, and discoid microparticles; the scale bars are 10 um.
Reproduced with permission from ref. 92, 101, 106, 115, 118 and 119. Copyright 2020 Multidisciplinary Digital Publishing Institute. Copyright 2018
and 2019 Royal Society of Chemistry. Copyright 2016 Springer. Copyright 2010 Wiley-VCH. Copyright 2005 Nature Research.
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mode, the broken double emulsion droplet turned into an
asymmetric Janus droplet or ternary droplet when removing the
electric field. They plotted these results and their theoretical
criteria for changing from mode Ito Il in a 8 vs. Cag parametric
space.

Particle-covered droplets, called a colloidosome or Pickering
emulsion, are one of the typical templates for making functional
particles. Initially, Singh and Auory used an AC electric field to
bind or remove particles from the droplet interface.'*'** Dom-
mersnes et al. reported that particles anchored at the interface
were structured in the form of a belt (non-conductive particles) or
chain (conductive particles) under the DC electric field.** This
work was extended to study the effect of electric conductivity,
size, and coverage of particles on the degree of deformation and
shape of droplets (Fig. 7C).** A SO/CO droplet without particles,
and a droplet covered with particles in low coverage (~0.1 area
fraction) were similarly deformed into an oblate shape. On the
other hand, at high particle coverage (over 0.4 area fraction), the
droplet was deformed in an oblate shape (non-conductive
particle) or a prolate shape (conductive particle), as the parti-
cles had more influence on the droplet deformation.*>*7-*%

Under an electric field, two droplets attract each other by
electrostatic forces and subsequently merge into one droplet,
which is commonly referred to as electro-coalescence."***?
Rozynek et al. coalesced the Pickering droplets via an electric
field to produce well-tailored Janus and patchy capsules
(Fig. 7D).*****> When applying the DC electric field to the two
droplets covered with particles, the non-conductive particles were
actively structured in a belt shape on the droplet interface. Then
two droplets with belt-like structures attracted each other and
coalesced to form a densely packed Janus droplet. In the same
manner, an asymmetric Janus capsule was made by adjusting the
size of each droplet and particle concentration, and a multi-
patchy capsule was produced by repeating electro-coalescence.

Other methods of producing functional droplets or particles
using an electric field include electro-spraying or jetting, which
are electro-hydrodynamic atomization methods where micro/
nano-size droplets are massively produced by electrical stress
at the tip of the nozzle. For the production of multifunctional
particles or the material encapsulation, a co-axial electro-jetting
method has been reported, which supply multiple compart-
ments with one nozzle."'*'"” The effect of the concentration and
flow rate of the polymer solution on the morphology of biphasic
particles during the electro-hydrodynamic co-jetting process
was investigated (Fig. 7E)."*®'° Disc-shaped particles were
generated from low concentration solutions (up to 3.4 wt% of
poly(lactide-co-glycolide) solution), whereas the spherical
particles were produced from higher concentration solutions.
The rod-shaped particles were made only under specific
conditions with a solution concentration of 3.4 wt% and a flow
rate of ~0.45 mL h™".

3.2 Magnetic method for manipulating microdroplets

A magnetic force acts locally on the magnetic reactive materials,
and this force can be applied to various applications, such as in

drug delivery,'* micro-swimmers,'** and oil/water separation,***
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where particles or structures have to be individually manipu-
lated. A ferrofluid, widely used as a material for magnetic
droplets, is a stable colloidal suspension composed of ferro- or
ferrimagnetic nanoparticles (such as iron oxide nanoparticles)
that are dispersed in a carrier liquid (organic solvent or
water)."”® This liquid exhibits a reversible shape change as it is
magnetized and demagnetized with or without a magnetic field.
When a uniform magnetic field (H) is applied to a spherical
ferrofluid droplet suspended in a non-magnetizable immiscible
fluid, the droplet is elongated in the direction of the field
(prolate shape) (Fig. 8A).*>**2¢ This phenomenon is equivalent
to the aforementioned deformation of the conductive droplet
suspended in a low-conductive liquid by the electric field.
Landau and Lifshitz derived an analytical model for the aspect
ratio of deformed droplets under a low magnetic field as
a function of magnetic bond number (Boy, = gouH aly, where H
and u are the magnetic field strength and magnetic perme-
ability, respectively), which indicates the ratio of the magnetic
force to the interfacial force between the droplet and the carrier
liquid.** Afkhami et al. revealed that the aspect ratio of the
droplet gradually increased with Boy,, corresponding to the
analytical model at low magnetic field, while the deformation of
the droplet deviated at high magnetic field as the interfacial
tension varied with the magnetic force.***

Zhu et al. studied the deformation of an aqueous sessile
ferrofluid droplet on a hydrophobic substrate by a uniform
magnetic field applied in a direction parallel to the substrate
surface (Fig. 8B)."*® A comparison of experimental and numer-
ical results showed that the non-linear elongation of the ferro-
fluid droplet in the direction of the field occurred due to the
non-linear magnetization of the ferrofluid known as Lange-
vin's magnetization law."* On the other hand, Timonen et al.
applied a vertical magnetic field to a superhydrophobic surface
on which a ferrofluid sessile droplet was placed, and observed
the deformation of the droplet into a spiked cone shape due to
the magnetic field gradient in the vertical direction (dH/dz)
acting on the droplet.” Vieu et al. expressed this phenomenon
in a theoretical manner.** When the magnetic field strength
was further increased, the ferrofluid droplet split into two
smaller droplets at the critical field strength (Fig. 8C). However,
the deformation of ferrofluid droplets induced by the magnetic
field could not retain their shape when the field was withdrawn
because of the nanoparticles' superparamagnetism. To fabri-
cate the supraparticles with permanent unique shapes, Hu et al.
proposed a method of irreversibly deforming aqueous ferrofluid
droplets using an evaporation-guided colloidal assembly with
an external magnetic field."*” They observed the differently
shaped particles by controlling the magnetic field strength and
the concentration of Fe;O,/polystyrene (mgPS) nanoparticles in
the ferrofluid as depicted in Fig. 8D(i). Binary supraparticles
were produced by drying a co-suspension of mgPS nanoparticles
with titanium dioxide or polystyrene nanoparticles (Fig. 8D(ii)).

To diversify the structure of the droplets into more complex
morphologies, Fan et al. tuned the magnetic field distribution
via the shape or arrangement of permanent- or electro-magnets
(Fig. 8E).*** This technique enabled the simultaneous control of
the morphology and the spatiotemporal position of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Magnetic method for manipulating microdroplets. (A) Elongated PDMS ferrofluid droplet emerging in glycerol solution under various
magnetic field strengths (H = 6.0, 12.2, 23.9, 59.8, 162.3 kA m~* (from left to right)). (B) Experimental and numerical results of the deformation of
a sessile ferrofluid droplet under the different magnetic field strengths (Bo,,, = 57 for top and 807 for bottom). (C) Magnetically triggered ferrofluid
droplet deformation and division on a superhydrophobic surface when the magnetic field intensity increases. (D) (i) Structure map of the
supraparticles with various shapes obtained by the evaporation-guided assembly of magnetic nanoparticles. (ii) Binary supraparticles fabricated
by drying a co-suspension under magnetic field. (E) Complex shapes of ferrofluid droplet produced by permanent magnets in disk-, cube-, and
ring-shapes; the scale bar is 10 mm. (F) (i) Synthesis of magnetic Janus particles within a flow focusing droplet generation system with magnetic
field and UV LED. (i) Optical images of generated magnetic Janus particles. The blue ellipse indicates the accumulated magnetic components.
Reproduced with permission from ref. 124, 128, 131-133 and 138. Copyright 2010 and 2018 Cambridge University press. Copyright 2011 and 2017
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ferrofluid droplet as a miniature soft robot for liquid cargo,
channel valves, and so on.

In a microfluidic system, the ferrofluid is used as a dispersed
phase to produce droplets whose size or morphology is precisely
manipulated. The direction of the magnetic field determined by
the position of the magnet is an important parameter to control
the size and frequency of the generated droplet.”****® For
example, a magnet placed upstream of a T-shaped droplet
generator delayed the breakup and increased the size of the
droplet by pulling the ferrofluid. Conversely, a magnet down-
stream accelerated the breakup and reduced the size of the
droplet.”®” Varma et al. applied the magnetic field after droplet
generation to fabricate a magnetic Janus droplet (M]JD)."** When
the Fe;0, nanoparticles-laden droplet passed the magnetic field
perpendicular to the flow direction, the magnetic nanoparticles
were concentrated at the rear part of the droplet to form the
M]D, followed by the UV polymerization for particle synthesis
(Fig. 8F).

3.3 An optical method for fabricating complex-shaped
microparticles

The aforementioned methods for the formation of microparti-
cles using droplets as their template limit the shape of the
particles to spherical shapes due to the interfacial tension,
which instigates the droplet to maintain their spherical shape.
To overcome this limitation, Dendukrui et al. introduced a one-
step particle synthesis method called continuous-flow lithog-
raphy (CFL) by combining the microscope projection

© 2021 The Author(s). Published by the Royal Society of Chemistry

photolithography with PDMS-based microfluidic devices."** In
CFL, a single-phase photocurable oligomer stream was exposed
to a UV light pulse to produce functional particles with mask-
defined shapes, such as triangular, rectangular, or hexagonal
shapes with sharp edges. In the UV light, the non-polymerized
lubricating layer of oligomers resulting from oxygen-aided
inhibition near the PDMS walls allowed for polymerized parti-
cles to be flushed out by the stream. This method was improved
to produce amphiphilic, nonspherical Janus particles by co-
flowing immiscible photo-polymeric fluids in microfluidic
devices."**! Fig. 9A demonstrates the synthesis of amphiphilic
Janus microparticles using CFL-based polymerization. The
mask-defined wedge-shaped particles were formed across two
parallel laminar, co-flowing streams containing a hydrophilic
oligomer (PEG-DA) and a hydrophobic oligomer (TMPTA)."*°
Chung et al. purposed an optofluidic maskless lithography
technique by replacing the photomask used in CFL with the
programmable two-dimensional spatial light modulators.***
However, the use of high flow rates in the CFL limits the
throughput of the sufficiently polymerized particles because the
particles are smeared due to the finite pulses of UV light. To
overcome this problem, Dendukuri et al. proposed a technique
named stop-flow lithography (SFL), in which the oligomer was
exposed to light pulses only when it was stationary.® The
process of SFL consisted of three states as shown in Fig. 9B: (i)
The flow was stopped by closing the valve; (ii) the array of
particles was polymerized from the stationery monomer film by
opening the shutter; (iii) polymerized particles were flushed out

Nanoscale Adv., 2021, 3, 3395-3416 | 3405
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Fig. 9 Optical lithography within microfluidic channels for complex-shaped microparticle synthesis. (A) Synthesis of amphiphilic Janus
microparticles by continuous-flow lithography across two adjacent laminar streams. (B) Three states of the stop-flow lithography for particle
synthesis (i—iii). A comparison of 10 pm tall particles with three different feature sizes (mask sizes are 6.25, 2.5 and 1.23 um, respectively) formed
using stop-flow lithography (SFL) (iv—vi), and continuous-flow lithography (CFL) (vii—ix); the scale bar is 10 pm. (C) Vertical flow lithography (VFL)
for fabricating 3D anisotropic microparticles. By adjusting the combination of flow rate and UV exposure time, various 3D types of anisotropic
particles were fabricated. (D) Fabrication of complex 3D-shaped particles with various combinations of photomasks and flow cross-sections
formed by inertial flow. (i) Particles generated by inertial flow (from pillar to U shape) within the microfluidic channel. (ii) Fabricated complex-
shaped microparticles. Reproduced with permission from ref. 140, 143, 150 and 151. Copyright 2007 American Chemical Society. Copyright 2007

Royal Society of Chemistry. Copyright 2015 Wiley-VCH. Copyright 2015 Nature Research.

of the channel by opening the valve while keeping the shutter
closed. A comparison of the particles synthesized using SFL
versus CFL is shown in Fig. 9B(iv-ix). The particles formed using
CFL were blurred beyond recognition, even for the largest
particles that had a feature size of 6 um, while those formed
using SFL showed relatively good resolution at 6 pm and 2.5 pm;
even the 1.25 pm feature was visible but not sharp. Studies had
also been conducted to expand the materials available for SFL,
such as ceramics or metal oxides."*'*® Composite particles
consisting of photopolymeric material and SiO, or Al,O; parti-
cles were polymerized through SFL, and they were transformed
into inorganic particles through sintering.

Recently, a modified flow lithography technique was
proposed for the synthesis of microparticles with 3D anisotropy
beyond 2D extruded shapes.'*”*** Habasaki et al. presented
vertical flow lithography (VFL), an application of stereo-
lithography concepts to conventional flow lithography, which
allowed better control over the fabrication of 3D anisotropic
microparticles.” In VFL, the light exposure and photocurable
resin flow directions were aligned to enable the stacking of
multiple photopolymerized layers with controlled 2D shape and
thickness (Fig. 9C). This technique demonstrated the formation
of multilayered, tapered, and angular compartmental micro-
particles. Paulsen et al. combined inertial flow shaping with SFL
to generate the complex 3D-shaped polymer particles.*** At
finite Reynolds numbers (Re = 10-100), pillars strategically
positioned inside the microchannels created deterministic
localized vortices and additive complex flow shapes depending
on the pillar size, placement, number of sequential pillars and

3406 | Nanoscale Adv, 2021, 3, 3395-3416

flow profiles, as illustrated in Fig. 9D(i). The 3D-shaped particles
were created by the combination of geometry-induced flow
deformation by fluid inertia and orthogonal masked UV poly-
merization (Fig. 9D(ii)).

3.4 Other methods

In addition to the aforementioned methods, various other
approaches have been studied to shape microdroplets or
microparticles. Although not all methods are covered herein,
some representative methods are introduced, such as shear
flow-driven, mechanical stretching, and gravity force-based
methods.

Droplets subjected to shear flow due to the opposite move-
ment of two parallel plates show ellipsoidal deformation
inclined in the shear direction (Fig. 10A(i)).**> Since Taylor
introduced the theoretical model,*** the shear-driven deforma-
tion and inclination of droplets has been described as a func-
tion of capillary number (Ca = pouGaly, where G is the shear
rate, and a is the radius of the droplet) and the viscosity ratio of
the continuous phase and dispersed phase (A = woue/tin)."****°
The additional effects of nanoparticles and surfactants on
shear-driven deformation were also investigated."*”**® For
instance, Frijters et al. demonstrated the deformation and
inclination of colloidal droplets and nanoparticle distribution
due to shear flow through the numerical simulations
(Fig. 10A(ii))."> Alargova et al. combined the shear-driven
deformation with the solvent evaporation method to fabricate
rod-like particles with diameters between 0.5 and 3 pm, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Copyright 2016 Nature Research.

lengths of tens of micrometers (Fig. 10B).*****® The polymer
emulsion droplets (solution of SU-8 in y-butyrolactone (GBL))
suspended in an organic medium (such as glycerol or its
mixtures with alcohols or glycols) were subjected to viscous
shear induced by an impeller. During the shear-driven defor-
mation process, the GBL, which is soluble in the organic
medium, diffused out of the emulsion droplets and left behind
the rod-like solid polymer. This rod-like shape could be solidi-
fied by crosslinking with UV light, and also transformed into
a banana-shape by applying heat before crosslinking.***

On the other hand, Ho et al. applied mechanical stress by
stretching the polymer film surrounding the polystyrene (PS)
particles to make them into monodisperse ellipsoidal parti-
cles.® The polymer film containing the particles was fabricated
by evaporating a suspension of monodisperse PS particles and
polyvinyl alcohol solution. This film was heated rapidly to
200 °C in an oil bath (liquefying of PS particles) and stretched to
the predetermined extent in order to convert the spherical

© 2021 The Author(s). Published by the Royal Society of Chemistry

particles into ellipsoidal particles; the film was then cooled
(scheme A in Fig. 10C). Champion et al. developed a similar
method by changing the order of the liquefying and stretching
steps (scheme B in Fig. 10C), and demonstrated that particles of
various shapes could be generated by these two methods, such
as worm-, UFO-, barrel-, and pill-like particles.*®

Gravitational force is also one of the attractive options for
creating asymmetrical shapes of microdroplets. Typically, when
the density difference between the liquid and the particle
constituting the colloidal droplet is large enough, the particle
settles down to form a Janus colloidal droplet as depicted in
Fig. 10D."**'®* Another approach is to use the phenomenon that
appears when a falling droplet impacts on a liquid-free surface.
The physics of droplet impact has been studied with various
Weber numbers (We = pqv*a/y, where v is impact velocity) and
Bond numbers (Bo = paga’®/, where g is gravitational constant).
When a droplet is impacted on the immiscible liquid surface,
various modes such as hanging, intermediate, and wrapping are
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observed, which are depicted in Fig. 10E(i).'***®® Xie et al. used
the hanging mode to produce multiple Janus droplets by
stacking different droplets (Fig. 10E(ii)).*** When the impact
velocity and droplet size were sufficiently small, the droplet
hung stably beneath the interface between the air and liquid
due to interfacial tension. Also, when a droplet impacted the
miscible liquid surface, the droplet penetrated the surface,
showing vortex generation (under low We) or jet formation
(under high We)."**'"* An et al. generated the torus-shaped
particles in batch using the vortex ring formation phenomena
(Fig. 10F)."”> When a droplet passed the surface with a sufficient
impact velocity, the droplet dissipated its energy by curling back
the edge, resulting in deformation. During the deformation,
liquid intermediates appeared with various intriguing non-
spherical shapes including teardrops, jellyfish, caps, and
donuts. By dripping a gellable nanoclay solution into the
crosslinking buffer bath with precise control of the degree of
crosslinking, various shapes of nanoclay vortex rings were gel-
led and formed vortex ring-derived particles. The mass-
production of the particles was enabled with well-controlled
size and shape by employing an electrospraying technique.

4. Applications of emulsions and
microparticles

Various methods have been studied to control the shapes of
microdroplets, which allow us to produce monodisperse emul-
sions or particles with complex structures on the micro/nano-
scale in a high-throughput manner. Well-tailored emulsions or
microparticles play important roles in fields such as biological,
optical, robotic and environmental applications. Here, we cover
the representative examples of these applications.

4.1 Biological applications

Microdroplets are optimal templates for the encapsulation of
bio-agents'*'”® or chemicals,'”*"”® thus the solidified polymeric
particles or shells are useful as carriers for drug delivery.'”*'*°
The polymer carriers could prevent the loss of the drug
component until a target position is reached, and release an
optimized dose of the drug in a programmed sequence by
layered structures.'®'** For example, Mou et al. fabricated
Trojan-horse-like stimuli-responsive microcapsules for the
versatile programmed and sequential release of drugs
(Fig. 11A).*** The microcapsules composed of the stimuli-
responsive polymers (chitosan, PEG-DA, and pNIPAm) with
different triggering mechanisms could controllably load
different contents in their separate capsule compartments and
release each content in a predefined order and in a different
manner. Shao et al. did in vivo antitumor tests to demonstrate
the effectiveness of their near-infrared (NIR) light-triggered
microcapsule, which inhibited tumor growth and prevented
metastasis by releasing the encapsulated drug via NIR laser
irradiation (Fig. 11B).'®

In such drug delivery applications, microparticles are ulti-
mately injected into a body and play their role by flowing
through blood vessels. In doing so, the size and shape of the
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polymer carrier play an important role in the transport and
adhesion to the target cell location, since they encounter
various tortuous pathways within a body that are difficult to
pass through during transportation.'**** For instance, in order
to pass through the interendothelial cell slits inside the spleen,
the diameter of spherical particles must be less than 200 nm,
but red blood cells with diameters of ~10 um, a large size
relative to the spleen geometry, can pass through the spleen due
to its non-spherical shape and flexibility.'****® The shape of the
particles could also affect their ability to release drugs through
stable adsorption to the targeted vessel walls or cell
membranes. Vahidkhah and Bagchi investigated the effect of
particle shape on the margination, near-wall dynamics and
adhesion within blood vessels via a three-dimensional numer-
ical simulation.** Their results revealed that the microparticles
of different shapes interact differently with red blood cells,
leading to different behaviours in the margination and adhe-
sion of the particles, and oblate-shaped particles showed the
highest overall particle adhesion efficiency (Fig. 11C).

The fields of manufacturing artificial cells and studying
interactions of microparticles with real cells have also been
emerging. As the techniques for the production of complex
microdroplets have advanced, some researchers have tried to
fabricate artificial cells that mimic the hierarchical structures of
real cells as depicted in Fig. 11D." Cell-laden microdroplet
production with microfluidics is another promising application
of microdroplets.*** In particular, cell-laden microdroplets have
been used for research on single-cells,"**'* 3D organ/
tumors,"**” and stem cell therapy.****

4.2 Optical applications

Concave or convex interfaces of Janus or Cerberus emulsion
droplets that scatter, diffract or interfere with light are attractive
characteristics for optical applications. Nisisako et al. produced
biconcave polymeric microlenses by first generating a SO-
acrylate monomer-SO ternary emulsion droplet with a micro-
fluidic device then removing the SO at both ends (Fig. 11E).>*
The magnification ratio (i.e. observed image size over real image
size) could be adjusted by the volume ratio of the ternary
droplet. For example, a magnification ratio of a microlens
produced from a droplet with a volume ratio of 2 : 1 : 2 was 0.1,
whereas another microlens whose volume ratio was 1:3:1
showed a magnification ratio of 0.05.

Spherical emulsion droplets or shells composed of chole-
steric liquid crystals could also manipulate their optical prop-
erties.>*>** For instance, microspheres of cholesteric (or chiral
nematic) liquid crystals generated and manipulated the diverse
photonic patterns due to selective reflection from a helical
structure subject to continuously curved boundaries of liquid
crystal shells (Fig. 11F).>* On the other hand, Goodling et al.
also reported that Janus droplets consisting of heptane
(refractive index = 1.37) and perfluorohexane (refractive index
= 1.27), which are not liquid crystals, could also generate
iridescence by total internal reflections and interference at
microscale concave interfaces.>*® The internal interfacial
curvature of the Janus droplet caused a corresponding change

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a surface in the shear flow with flowing red blood cells. (ii) Overall particle adhesion efficiency for various types of particles. (D) Spatial patterning
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magnification ratio of 0.1 (left) and 0.05 (right), respectively; the scale bars are 50 um. (F) The optical image of planar-aligned cholesteric liquid
crystal shells and schematic drawings of the reflection behavior in each shell. (G) Biphasic droplets with different interfacial curvatures causing
a corresponding change in the iridescence, and penguin image patterned by droplets in a Petri dish using a light-responsive surfactant and
photomask; ths scale bars are 2 cm (left) and 50 um (right). Reproduced with permission from ref. 184, 185, 192, 196, 200, 205 and 206. Copyright
2014, 2018 and 2020 Wiley-VCH. Copyright 2015 Royal Society of Chemistry. Copyright 2019 Nature Research.

in the iridescence, whereby the curvature modulation through
the addition of light-responsive surfactants led to photo-
patterning as depicted in Fig. 11G.

4.3 Robotic applications

The most representative application of microcapsules in
robotics are micro-swimmers, also called micromotors, which
are capable of converting chemical or external energy into
mechanical motion to swim in the liquid.**”**° Self-propelled
micromotors move autonomously in a specific direction, pow-
ered by a catalytic or photocatalytic chemical reaction,
producing chemical gradients or gas bubble for self-
propulsion.>'*>*3

To induce the directional movement of micromotors,
precisely engineered anisotropies in 3D structures or in

© 2021 The Author(s). Published by the Royal Society of Chemistry

materials are necessary. A common way to make an anisotropic
micromotor is to make Janus microparticles that contain cata-
Iytic materials, such as Pt, Ag, and TiO,, on one side of the
microparticles, which are capable of performing tasks of
inducing chemical reaction.”***** Depending on the size of the
microparticle, the driving mechanism of the propulsion can be
varied; (i) the bubble propulsion on a scale of tens of microm-
eters, (ii) the diffusion and electrochemical driven propulsion
on a scale of a few micrometers, and (iii) fast rotational diffu-
sion without directionality on a submicrometer scale
(Fig. 12A).>** As an example of bubble propulsion swimming,
Chen et al. introduced the multifunctional micromotor using
Janus emulsion templates incorporating Ag nanoparticles and
Fe;O, magnetic nanoparticles into each part, where TiO,
nanoparticles were also deposited on the surface of the
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micromotor (Fig. 12B).*® For the Janus micromotor, the bubble
was generated under the catalysis of Ag nanoparticles and the
micromotor was propelled as the bubbles continually left the
concave surface. The propulsion of the motors could also be
controlled by the magnetic force, which was controlled on
demand via spatially changing the orientation of the magnetic
field.”* Zou et al. also presented polymer micromotors with two
distinct cores of Pt and Fe;0, nanoparticle-dispersed hydrogels
(Fig. 12C).*” When exposed to a H,0, medium, the Pt cores
provided propulsion by expelling bubbles produced from the
catalytic decomposition of H,0,, while the Fe;O, cores were
impacted by the magnetic guidance. Benefiting from the close
cooperation of these two cores, the micromotors achieved
powerful propulsion and recyclability for the delivery of micro/
macroscale objects. To demonstrate the delivery of the macro-
scale objects, the ring shape of the PDMS film, named ‘space-
ship’, was made where the micromotors were encapsulated.
Depending on the direction of the magnetic fields (dashed
lines) the micromotors could move directionally to deliver the
object with a powerful propulsive force.

4.4 Environmental applications

Microparticles are also applied in dealing with pollution by
taking advantage of their controllable structures, properties and
motion. For instance, the directional movement of micro-
motors powered by the other external stimuli, in particular by
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magnetic forces, provides a definite trajectory with a high
speed. This advantage has been utilized for water purification
with anisotropic or Janus microparticles.'**® Sun et al. reported
a magnetic micro-submarine based on sunflower pollen grains
for simultaneously removing oil and microplastic pollutants.*?
The hollow structure of the micro-submarine allowed propel-
ling under or above the water, depending on whether it was
filled with water or oil inside (Fig. 12D(i)). The micro-submarine
could deliver oil droplets 37 times larger than its own volume
and effectively adsorbed floating oil via capillarity. Depending
on the external magnetic field, the cooperative behavior of
assembled micro-submarines achieved the transport of micro-
plastics and oil droplets (Fig. 12D(ii)). Moreover, the colloidal
surfactants made of amphiphilic Janus microparticles were
utilized as an effective remedy for oil spill accidents
(Fig. 12E).**® Particularly, the various methods of making
colloidal surfactants with biocompatible materials have been
introduced.?****> Thus, biocompatible and less toxic colloidal
surfactants could be able to replace conventional chemical
surfactants and achieve water purification in an environmen-
tally friendly manner.

Hydrogel microcapsules composed of photocatalytic nano-
particles exhibit unique properties, including permeation,
purification, and the catalytic reaction of molecular species.”*
Photocatalytic TiO, and ZnO nanoparticles encapsulated in the
poly(methacrylic acid) microcapsules were used to remove
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Fig.12 Applications of microparticles in robotics and environmental fields. (A) Size-dependent motility scenarios of self-propelled micromotors.
(B) Movement control of the micromotor containing Ag, TiO,, and FesO4 nanoparticles; the scale bars are 60 um. (C) Self-propulsion of the
multifunctional micromotors embedding Pt and FezO4 nanoparticles directionally delivering a macroscale spaceship with magnetic guidance;
the scale bar is 2 cm. (D) (i) The hollow structure of the microsubmarine, which propels under or above water depending on the fillings inside, and
their movement are controlled via magnetic field. (i) Removal of large oil droplet by the assembling of microsubmarines; the scale bar is 100 pm.
(E) Dispersion of oil contaminants in seawater using a colloidal surfactant. (F) (i) TiO, nanoparticles encapsulated in poly(anhydride) microcapsule.
(ii) Cleaning of methylene blue solution in the flow microreactor while exposing to UV light. Reproduced with permission from ref. 12, 215-217,
219 and 223. Copyright 2016 and 2018 American Chemical Society. Copyright 2017 and 2020 Royal Society of Chemistry. Copyright 2019 and
2020 Elsevier.
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organic pollutants. Due to the high surface area of photo-
catalytic nanomaterials and the adsorption properties of the
hydrogel shell itself, the microcapsule effectively removed
methylene blue organic material (Fig. 12F(i)). Flow micro-
reactors based on the hydrogel capsules enabled the direct
adsorption, degradation and separation of pollutants
(Fig. 12F(ii)).

5. Conclusion and outlook

In this review, various passive and active strategies for gener-
ating and functionalizing microdroplets in various forms, and
their corresponding applications, are introduced. The passive
methods, such as batch emulsification, solvent evaporation and
microfluidic systems, are advantageous for the relatively large-
scale production of the microdroplets, since their shapes are
predominantly determined by internal thermodynamics and
chemical phenomena. On the other hand, the active method
deforms the shape of the microdroplets by applying an external
force such as an electric or a magnetic force, which is advan-
tageous for generating droplets of more complex shapes. Well-
engineered emulsions and microparticles fabricated from
microdroplets using these strategies have great potential in
areas such as energy, optics, and robotics.

The technical limitations of the passive and active produc-
tion method, or a lack of understanding of the mechanism,
limit the available shapes of the droplets or the materials to be
used. In the passive method, the shape of the droplet is very
sensitive to factors such as the solution concentration or added
materials in working solutions, so the shape should be deli-
cately manipulated to obtain the target shape. Although the
active method allows the formation of more complex shapes of
the droplets, it also has limitations with regard to the applicable
materials, since only those materials that match the applied
external force can be chosen (e.g., ferrofluid for the magnetic
method). Due to the high dependency on UV-polymerization in
converting the microdroplet templates into microparticles, the
selectability of materials is also limited. Therefore, in order to
break through these hurdles, the research on new micro-
droplets with unconventional shapes and also the mechanisms
underlying their formation should be continued.

The limitations mentioned above would be the reasons why
it is difficult to find commercialized products despite the
magnitude of research being conducted on various types of
functional microdroplets. Thus, the remaining important
challenge associated with the functional microdroplets is to
develop the usefulness of these microdroplets into actual
practical applications. For instance, research on the application
of microdroplet systems to drug delivery upon target release has
been continuously explored for the past decades, but it is still
rare to see the commercialized products in the medical field.
The technology for releasing the materials to the desired area
has already been extensively investigated, and now it is neces-
sary to broaden the perspective, such as manufacturing
biocompatible materials, collecting the vehicle once used, or
reusing it. On the other hand, most of the self-propelled
micromotors are based on the metal materials, which use

© 2021 The Author(s). Published by the Royal Society of Chemistry
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toxic H,0, as a chemical fuel, thereby limiting their actual use
in environmental applications. The future motors need to add
a new aspect to convert the materials into bioorganic materials
that use non-toxic chemical fuels, which could provide high
potential for biological or environmental uses.

Another important challenge is to scale up the production of
microdroplets. While there have been significant advances in
structure-handing strategies, attempts to mass-produce,
assemble, and induce the clustering movement of micro-
droplets remain limited to date. This may be the reason most
microparticles are applied in biomedical fields dealing with
phenomena on a relatively small scale in a variety of forms. On
the other hand, concerns are lacking in the larger scale areas,
such as energy, the environment, and the robotics field, and
accordingly, practical applications have not yet been achieved.
For instance, even though self-propelled microparticles have
been developed for oil or microplastic removal, it is not enough
to remove a large amount of oil leaking from the actual envi-
ronment, and the swimmers themselves can become pollutants
even after capturing the oil, so the technology for collecting
them must also be properly developed. From this point of view,
the direction of future research should go toward the mass-
production of the microdroplets with high reliability, unifor-
mity, and fast production on a macro-scale, that is, from
hundreds of thousands to even more than trillions of droplets.
Only then can it be practically applied to fields with high added
value in the future, such as environmental or energy issues. To
this end, the manufacturing technology on the micron-scale
also needs to be further developed.

After a better understanding of the above aspects, actual
industrial technologies could be more accurately derived and
practically implemented in the future. Although more chal-
lenging problems remain, based on the already developed
technologies and understanding of basic research, the micro-
droplets will evolve in a direction that is helpful to humanity.
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