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Abstract

There is increasing interest in solid particle-stabilized soft dispersed systems, including bubbles/foams (a gas-in-liquid
dispersed system) and liquid marbles (a liquid-in-gas dispersed system). The studies on these dispersed systems have mainly
been conducted utilizing inorganic particles and research using polymer particles has recently gained attention. Synthetic
colloidal polymer particles are attractive stabilizers, as their hydrophilic—hydrophobic character and surface chemistries can
be designed and controlled on demand via polymerization with various functional monomers and post polymer reactions.
The successful synthesis of polymer particles would inspire the construction of well-defined and functionalized particle-
stabilized gas—liquid soft dispersed systems. In this review article, bubbles/foams and liquid marbles stabilized solely with
stimulus-responsive polymer particles will be reviewed. The stabilities, structures, and motions of these dispersed systems

can be controlled by external stimuli.

Introduction

Colloidal polymer particles have mainly been utilized in the
form of films in various industries, including the paint,
adhesive, and paper industries. In addition to their usage as
films, there has been great interest in using polymer parti-
cles in their particulate form [1-4]. Polymer particles have
been used as catalysts [5], column beads [6], calibration
standards for the determination of particle size [7], toner [8],
marker particles in immunodiagnostic assays [9], antistatic
and/or anticorrosion coatings [10], pigments [11], synthetic
mimics for cosmic dusts [12], building blocks for colloidal
crystals [13—15], and spacers for polymer films to prevent
electrostatic problems [16]. The last two decades have
witnessed significant progress in the synthesis, character-
ization, and application of stimuli-responsive polymer par-
ticles, whose size, hydrophilic-hydrophobic character, and
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softness can be controlled on demand by external stimuli
[17-19].

Solid colloidal particles are known to be adsorbed at
liquid/liquid and gas/liquid soft interfaces and form network
structures at the interfaces [20—-24]. These phenomena have
led to emerging concepts and novel materials, such as
Pickering emulsions [20-25], colloidosomes [26, 27],
armored bubbles [28—30], liquid marbles [31-33], dry water
[34, 35], and gas marbles [36]. Bubbles/foams are gas-in-
liquid soft dispersed systems and are known to be stabilized
with solid particles adsorbed at gas-liquid interfaces
[20, 28-30]. These particle-stabilized dispersions have been
used in various industrial fields, including food, cleaning,
ore flotation, radioactive material processing, water pur-
ification, and crude oil refining industries [37, 38]. In the
food industry, particle-stabilized bubbles/foams are impor-
tant for obtaining highly stable creams [39]. Bubbles/foams
stabilized with solid particles have been utilized in ore
flotation and ink removal research to recover target parti-
culate materials. In addition, foams were demonstrated to
work as precursors for porous materials [40]. On the other
hand, particle-stabilized bubbles/foams can also work in a
harmful manner. Mixing liquids and gases in the presence
of solid particles using pumps, homogenizers, or agitators
often generates undesirable bubbles/foams. In papermaking
industries, unwanted bubbles/foams stabilized with fibers,
tars, or clays are generated, which could lead to problems
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such as pipe and filter clogging. Furthermore, bubbles/
foams stabilized by asphaltene particles are problematic in
the petroleum industry. Liquid marbles are liquid droplets
dispersed in the gas phase, which are stabilized by solid
particles adsorbed at the gas-liquid interfaces. Liquid
marbles are a unique soft dispersed system which cannot be
stabilized by surfactants adsorbed at the interfaces at a
molecular level. Liquid marbles have remarkable properties
that cannot be realized using bare liquid droplets. The solid
particles existing at the liquid marble surfaces can work as a
shield, which renders the droplets as non-wetting to any
solid substrates. As a result, the encapsulated liquid phase
can avoid contamination and the evaporation of the inner
volatile liquids can be minimized. The liquid phase inside
the liquid marbles can be mixed and released by disrupting
the liquid marbles. By taking advantage of the above-
mentioned unique properties, an increasing number of
potential applications have been proposed for using the
liquid marbles in a wide range of research areas; e.g., liquid
marbles have been proposed for use in sensors [41-44],
actuators [45, 46], accelerometers [47], transport and
microfluidic applications [48-51], miniature reactors
[52-55], cosmetics [56, 57], and personal and health care
products [58].

Although solid particle-stabilized gas—liquid soft dis-
persed systems have a long history, the particulate stabi-
lizers studied previously are mainly composed of inorganic
particles with ill-defined shapes, inhomogeneous surface
chemistries, and polydisperse size distributions, and it is
difficult to obtain precise and reproducible results regarding
the formation, stability, and structure of the soft dispersed
systems. In this context, synthetic colloidal polymer parti-
cles are particularly attractive for use as stabilizers in soft
dispersed systems, because their size and size distribution
can be controlled by utilizing various heterogeneous poly-
merization methods (e.g., emulsion polymerization, dis-
persion polymerization, and seeded polymerization) and the
hydrophilic—hydrophobic character, surface chemistries,
and softness of synthetic colloidal polymer particles can be
designed and modified on demand via polymerizing various
functional monomers and performing post polymer reac-
tions (e.g., esterification and hydrolysis) [1-4]. Further-
more, modifying the stimuli-responsive character of the
polymer particles could introduce novel functions to the soft
dispersed systems (i.e., bubbles/foams and liquid marbles).
Stimulus-responsive soft dispersed systems are one of the
most rapidly emerging and exciting research fields, and
there are many unexplored topics that could create com-
mercial applications. Many exciting challenges exist in this
evolving scientific research field, which can be addressed by
designing, fabricating, and functionalizing stimulus-
responsive materials. This review article highlights the
progress made in the research area of recently developed
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stimuli-responsive bubbles/foams and liquid marbles stabi-
lized with stimuli-responsive polymer particles. First, the
physicochemistry of the polymer particle adsorbed at the
air—water interface is discussed. Next, bubbles/foams and
liquid marbles stabilized with stimulus-responsive polymer
particles, whose stability, structure, and motion can be
controlled by external stimuli, are described. Then, future
research directions are indicated.

Particles at gas-liquid interfaces

To design and fabricate particle-stabilized soft dispersed
systems and control their stability and structure, the
hydrophilic—hydrophobic character of the particles (i.e.,
their wettability at air—water interfaces) is a crucial factor, as
it determine the adsorption energy of the particles at the
interfaces (Fig. 1). The interfacial free energy decreases
when a portion of the air—water interface is replaced by a
particle—water interface by attaching a solid particle [59].
The adsorption energy AG required to detach the spherical
solid particle from the air—water interface and move it to the
air phase can be expressed using equation 1: [60]

AG = —yma*(1 — cos6)° (1)

where y,,, is the surface energy of the water, a is the radius of
the solid particle, and 6 is the contact angle of the water on the
particle surface (as measured through the aqueous phase).
From equation 1, AG is at a maximum when € =90° and
estimated to be several times greater than the thermal energy
of solid particles with diameters >10nm at the air—water
interface, which leads to the irreversible adsorption of the
particles to the interface. Due to the high adsorption energy,
soft air—water dispersed systems stabilized by solid particles
with a suitable surface wettability are very stable for long
periods of time, which is in stark contrast to those stabilized
by molecular-scale stabilizers, which can reversibly adsorb to
or desorb from the air—water interface. Particles with
relatively hydrophilic surfaces, which exhibit §<90°, are
suitable to stabilize air-in-water-type bubbles/foams. In
contrast, particles with relatively hydrophobic surfaces, which
exhibit > 90°, have a tendency to stabilize water-in-air-type
liquid marbles. When the surfaces of the particles are highly
hydrophilic (6 ~ 0°), aqueous particle dispersions tend to form
instead of soft dispersed systems, because the particles do not
adsorb on the air-water interfaces. Considering the above-
mentioned behavior of the particles, it is expected that the
formability and stability of the soft dispersed systems can be
controlled using stimulus-responsive particles, which can
change the surface wettability of the air—water interface by
external stimuli.

The properties of particle-stabilized soft dispersed sys-
tems, such as the stability and stimulus responsiveness, arise
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Fig. 1 Polymer particle-
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from the complex coupling of multiple size scales. At the
nanometer scale, the surface chemistry of the solid parti-
culate stabilizer (i.e., the functional groups that determine
the mobility of the molecules at surfaces) is an important
factor for controlling the adsorption/desorption of the par-
ticles to/from the air—water interface. At the micrometer
scale, the wettability of the particulate stabilizers at the
air—water interface is crucial. Chemical and physical chan-
ges of the air and water phases, such as pH, temperature,
and salt concentration, at larger scales (> a micrometer) can
influence the properties of the particulate stabilizers and the
air—water interface, resulting in changes to the structure and
stability of the soft dispersed systems.

Stimulus-responsive polymer particles

This section introduces stimulus-responsive polymer par-
ticles that have been utilized as particulate stabilizers for
bubbles/foams and liquid marbles. The properties of these
particles, such as the hydrophilic-hydrophobic character of
the surfaces and generation of heat, can change in response
to various external stimuli (e.g., pH, temperature, and
light). The stimulus-responsive polymers that have been
introduced into particulate stabilizers for soft dispersed
systems are shown in Fig. 2. To synthesize these particles,
several heterogeneous polymerization methods, including
emulsion polymerization, dispersion polymerization, and

Bubbles/foams

Liquid marbles

precipitation polymerization, have been applied [1-4]. The
surface grafting of seed particles, postmodification meth-
ods, and the self-assembly of block polymers have also
been utilized [1-4].

pH-responsive particles

The pH of the aqueous phase can be simply tuned by adding
an acid and a base, resulting in changes to the surface
charge of the pH-responsive polymer particles due to the
protonation/deprotonation of the functional groups of the
particles. The surface charge changes correlate with the
wettability of the polymer particles at the air—water interface
and therefore the hydrophilic—hydrophobic character of
such particulate stabilizers can be controlled by changing
the pH of the aqueous media. The stability of soft dispersed
systems stabilized with such pH-responsive polymer parti-
cles can be controlled by an external pH stimulus. Some
stabilizers have utilized acidic functional groups, e.g.,
polymer particles with carboxylic acid groups, including
polystyrene (PS) particles with poly(acrylic acid) (PAA)
colloidal stabilizers (PAA-PS particles) [61], silica particles
with poly[6-(acrylamido)hexanoic acid] hairy colloidal
stabilizers [62], PS particles with succinic anhydride-
esterified poly(2-hydroxypropyl methacrylate) hairy colloi-
dal stabilizers [63], and poly(styrene-co-acrylic acid-co-
2,2,3,4,4,4-hexafluorobutyl methacrylate) particles [64].
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Fig. 2 Chemical structures of stimulus-responsive polymers used as a
component of a particulate stabilizer for soft dispersed systems: a pH

Other stabilizers have utilized basic functional groups, e.g.,
PS particles with poly(4-vinylpyridine) (P4VP) colloidal
stabilizers (P4VP-PS particles) [65], poly(2-vinylpyridine)
(P2VP) particles with poly(ethylene glycol) (PEG) hairy
colloidal stabilizers (PEG-P2VP particles) [66], and P2VP
particles with polydimethylsiloxane (PDMS) hairy colloidal
stabilizers (PDMS-P2VP particles) [67].

Temperature-responsive particles
Temperature is another attractive stimulus that can be easily
controlled without any direct addition of chemicals to the

systems (note that the addition of an acid/base to the
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systems is required in the case of using pH as the stimulus).
As a consequence, temperature could be used to steadily
control systems that are influenced by pH or ionic strength.
Poly(N-isopropylacrylamide) (PNIPAM) is a well-known
polymer that exhibits a temperature-responsive phase tran-
sition behavior in aqueous media [68]. PNIPAM undergoes
a sharp reversible phase transition at a lower critical solu-
tion temperature (LCST) of 32 °C. PNIPAM is soluble in
aqueous media due to the hydrogen bonding of the pendant
amide groups with water molecules at temperatures less
than the LCST. However, PNIPAM is not soluble in aqu-
eous media at temperatures greater than the LCST due to
dehydration. Therefore, polymer particles with a PNIPAM
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component can change their hydrophilic-hydrophobic
character at the LCST in aqueous media and be applied as
temperature-responsive stabilizers of bubbles [69] and
liquid marbles [70].

pH- and temperature-responsive particles

Polymers that respond to two stimuli are of great interest,
because an independent response to several factors might be
required in some applications. To synthesize polymers that
are responsive to two stimuli, pH-responsive and
temperature-responsive monomers are often copolymerized.
In addition to these copolymers, there is increasing interest
in homopolymers synthesized by polymerizing N,N-dia-
lkylaminoethyl methacrylates, which respond to both pH
and temperature in aqueous media. Poly(N,N-(dimethyla-
mino)ethyl methacrylate) (PDMA) is a well-known exam-
ple of this type of polymer [71-73]. PDMA is a pH-
responsive polybase with a pK, value of 7.0 and the pH of
aqueous media can change its hydrophilic-hydrophobic
character. PDMA is soluble in water at room temperature
when it is protonated and hydrophilic below the pK, and
when it is nonprotonated and relatively hydrophilic above
the pK,. PDMA also shows its temperature-responsive
character, as it has an LCST of 32 °C when it is non-
protonated due to its hydration and nonhydration behaviors.
Although it was once believed to be responsive only to pH,
poly(N,N-diethylaminoethyl methacrylate) (PDEA) has
been found to be responsive to both pH and temperature
[74, 75]. PDEA has a pK, value of 7.3 and an LCST of
41 °C (at a pH of 6.86). In basic media, PDEA is hydro-
phobic and water insoluble, because it contains amino
groups that are nonprotonated and electrostatically neutral.
On the other hand, PDEA is water soluble and hydrophilic
in acidic media, because it contains amino groups that are
protonated and positively charged. PEDA shows LCST-
based reversible dissolution/precipitation behaviors at a pH
of 6-8. As PDMA and PDEA are responsive to two stimuli,
it is possible to achieve extensive control over the
hydrophilic—hydrophobic character of these polymers and
polymer particles containing these polymer components
reflect these properties. PS particles with PDMA hairy
colloidal stabilizers (PDMA-PS particles) and PS particles
with PDEA hairy colloidal stabilizers (PDEA-PS particles)
have been utilized as a stabilizers for bubbles/foams
[76-79] and liquid marbles [80-85].

Light-responsive particles
Light stimuli can be remotely applied to systems, which is an

advantage over other stimuli such as pH and temperature,
which require direct application or contact. Furthermore, the

precise control of the timing, direction, position, area, and
intensity makes light a unique stimulus. Until
now, various light-responsive polymers whose color,
hydrophilic—hydrophobic character, and conductivity can be
changed by applying light have been studied [86—88]. Among
these light-responsive polymers, conjugated polymers, such
as polypyrrole (PPy), polyaniline (PANI), poly(3,4-ethylene-
dioxythiophene) (PEDOT), and poly(3-hexylthiophene)
(P3HT), are fascinating light-responsive polymers that have
light-to-heat photothermal character. Due to the low lumi-
nescence efficiency of such conjugated polymers, most of the
energy absorbed from near-infrared (NIR) light is converted
into heat [89, 90]. It has been reported that the surface tem-
peratures of these polymers increase from room temperature
to over several hundreds of degree Celsius within a few
seconds by NIR irradiation. Using such conjugated polymer
particles as stabilizers, photothermal character can be impar-
ted to the soft dispersed systems.

Stimulus-responsive bubbles/foams

Bubbles and foams stabilized with polymer particles can be
fabricated using methods similar to those utilized to fabri-
cate bubbles and foams stabilized with molecular-scale
surfactants. Bubbles/foams can be fabricated by mixing air,
water, and polymer particles (or air and an aqueous dis-
persion of polymer particles); specifically, air has been
introduced into aqueous dispersions of polymer particles by
manual shaking, blender agitation, and air bubble injection.
Another method used to prepare bubbles/foams is an in situ
bubble generation method: (1) air is dissolved in the aqu-
eous dispersion of polymer particles under high pressure
and bubbles are subsequently generated in the continuous
water phase by sharply reducing the pressure and (2) a
foaming agent (i.e., a gas generating compound) is intro-
duced into the aqueous dispersion of polymer particles.
Note that bubbles stabilized by polymer particles have been
observed in the Challenger space shuttle (STS 7, June 1983)
[91]. Gas bubbles stabilized in an aqueous medium with
micrometer-sized PS particles were fabricated on the
Challenger space shuttle during seeded emulsion poly-
merization under zero gravity. These nitrogen gas bubbles
formed as a byproduct of the decomposition of a 2,2'-azobis
(isobutyronitrile) azoinitiator, which was expected to gen-
erate free radicals, were stabilized by polymer particles.
Using microfluidic devices, highly monodisperse particle-
stabilized bubbles have been produced in microchannels
[92]. A method used to fabricate nonspherical bubbles
stabilized by solid particles (named as the air pocket-
trapping technique) has been developed [93]. In this
method, air is trapped in a layer of dried particle powder by
quickly adding water onto the powder layer. The water
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penetrates the particle layer containing air until the pressure
of the trapped air is balanced by the capillary pressure of the
advancing air—water interface.

The hand-shaking method has been generally utilized to
generate stimulus-responsive bubbles/foams stabilized with
polymer particles, because it is simple, quick, and easy, and
does not require any special equipment. In this section,
stimulus-responsive bubbles/foams stabilized with the
polymer particles are introduced. Articles reviewing
stimulus-responsive bubbles/foams that are stabilized with
functional particles, including inorganic particles, have been
recently published [94, 95] and are available for reference.

(a) Polymer particle

pH-responsive bubbles/foams

Polymer particle-stabilized bubbles/foams with stabilities
that can be tuned by contact with an acid or a base have
been developed (Fig. 3a). The acid and base could be either
a liquid or vapor, and the phase of the acid and base can
change the wettability of the particles on air—water inter-
faces. By controlling the hydrophilic-hydrophobic char-
acter of the particle surfaces, the adsorption/desorption of
the particles to/from the interfaces can be attained, which
can lead to stabilization (foaming) and destabilization
(defoaming).
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Fig. 3 pH-responsive bubbles/foams: a Schematic of pH-induced
disruption of bubbles/foams stabilized with pH-responsive polymer
particles. The bubbles/foams are stable for long period of time at pH
values where the surfaces of the polymer particles are hydrophobic
enough for the particles to adsorb at the air—water interface. In con-
trast, bubbles/foams are immediately disrupted and the polymer par-
ticles spontaneously disperse into continuous aqueous media by
controlling the pH via adding an acid/base, as the surfaces become
hydrophilic by protonation/deprotonation. ~ Reproduced  with
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permission [77]. Copyright 2011, American Chemical Society.
b Effects of the length of the PDEA hairy stabilizer on the PDEA-PS
particles (polymerization degree = 30, 60, and 90) on the foamability
and foam stability. The heights of the foam layers as functions of the
pH of the aqueous dispersions recorded at different times: (@)
immediately after preparation, (lll) 24 h after preparation, (¢p) 1 week
after preparation, and (A) 1 month after preparation. Reproduced with
permission [79]. Copyright 2016, The Royal Society of Chemistry
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Bubbles/foams stabilized using polymer particles with
acid groups on their surfaces have been demonstrated to be
destabilized by exposure to a base. In acidic aqueous media,
hydrophobic particles with acid groups in protonated forms
can adsorb at air—water interfaces to stabilize aqueous
bubbles/foams. On the other hand, particles with hydro-
philic surfaces functionalized with deprotonated negatively
charged acid groups do not adsorb on the air—water inter-
face. The ability of particles to adsorb on the air—water
interface can be controlled by pH, which is reflected by the
change in the hydrophilic-hydrophobic character of the
particle surfaces. PAA-PS particles have been demonstrated
to work as effective base-responsive bubble/foam stabilizers
[61]. The PAA-PS particle surfaces are highly hydrophilic
at and above a pH of 6, where >90% of the carboxylic acid
groups in the PAA stabilizer are deprotonated and nega-
tively charged. As the particles are highly hydrophilic, it is
unlikely to be that the PAA-PS particles will adsorb at the
air—water interface and instead the particles tend to disperse
in the continuous aqueous media via both steric and elec-
trostatic stabilization mechanisms. On the other hand, PAA-
PS particles flocculate at and below a pH of 4.5, because the
PAA-PS particles lose their colloidal stability via steric and
electrostatic stabilization mechanisms. The particle surfaces
were shown to be hydrophobic enough for the PAA-PS
particles to adsorb at the air—water interface at and below a
pH of 3.5, where >90% of the carboxylic acid groups in the
PAA stabilizer are protonated. Under these conditions,
particle-stabilized bubbles/foams that are stable for
>1 month are generated. It is noteworthy that the in situ pH
control can tune the adsorption/desorption behavior of the
PAA-PS particles to/from air—water interfaces and therefore
control the stabilization/destabilization of the bubbles/
foams.

In the abovementioned bubble/foam systems, bases are
used to render the particles with acidic groups hydrophilic,
thus disrupting the particles. If particles with basic groups
are applied as stabilizers, bubbles/foams exhibiting a com-
plementary behavior, which is disrupted by adding acids,
can be realized. The particles can adsorb at the air—water
interfaces when the basic groups on the particle surfaces are
nonprotonated and when the particle surfaces are hydro-
phobic. Conversely, the addition of an acid causes the
particles to become hydrophilic due to the protonated,
positively charged basic groups on the particle surfaces,
thus resulting in defoaming. It has been demonstrated that
PDEA-PS particles [73, 96] can function as acid-responsive
stabilizers for bubbles/foams [77-79]. The PDEA-PS par-
ticle surfaces are hydrophobic at pH values > 8.0, which are
higher than the pK, value of the PDEA homopolymer.
Under these pH conditions, flocs of PDEA-PS particles can
adsorb at the air—water interface, which stabilizes the aqu-
eous bubbles/foams; these aqueous bubbles/foams are stable

for over 1 month, even though creaming occurred. Rela-
tively stable bubbles/foams, which are stable for at least
24 h, can be prepared at pH values of 6.1 and 7.1. Bubbles/
foams prepared at pH values of 6.1 and 7.1 are less stable
than those formed at a pH> 8.0, because the surfaces of
bubbles/foams prepared at pH values of 6.1 and 7.1 have
thinner particle layer thicknesses: monolayers and multi-
layers are formed on the bubble surfaces at pH values of 6.1
and 10, respectively. Thicker particle layers can hinder
contact of the bare air bubble surfaces due to the existence
of a larger space between the bubbles. At pH values of 5.1
and 3.1, the PDEA stabilizers on the particle surfaces are
protonated and become water soluble, as they are cationic
and hydrophilic, and the PDEA-PS particles tend to disperse
in aqueous media via electrostatic and steric stabilization
mechanisms. Under these conditions, macrophase separa-
tion of the air and aqueous dispersion of the particles
occurs. Bubbles/foams stabilized with PDEA-PS particles at
a pH of 9.0 are pH-responsive: the foam prepared at a pH of
9.0 could be disrupted by adding an acid to achieve a pH of
4.0. Multiple foaming-defoaming cycles have also been
demonstrated by adding a base and an acid, accompanied by
shaking. Foams stabilized by PDEA-PS particles with
longer PDEA hairy colloidal stabilizers, which remained
stable for over 1 month, were shown to be more stable than
those with shorter PDEA hairs (Fig. 3b) [79]. Bubbles
stabilized by PS particles with longer PDEA hairs are
coated by thicker PDEA-PS particle layers due to stronger
particle—particle interactions, which protect the bubbles
from coalescence. Using PDEA-PS particles with longer
hairs, foams were formed in a narrower pH range due to
both image charge and entropic effects. The mixing of air
and the aqueous dispersion of PDEA-PS particles (at a pH
of 10) at a high solid concentration (40 wt% solid con-
centration) using a homogenizer resulted in the formation of
a foam with a cream-like texture. Interestingly, the cream-
like foam transformed into an aqueous dispersion by
exposure to HCI vapor [79].

Other acid-responsive foams can be constructed by a
method similar to that used to stabilize bubbles/foams with
PDEA-PS particles, whereby polymer particles with basic
groups on their surfaces, namely, PDMA-PS particles [76]
and P4VP-PS particles [65], are used. PS particles with
amidine groups synthesized by free radical precipitation
polymerization in the absence of any colloidal stabilizer
could also be another candidate for use as an acid-
responsive foam stabilizer [97]. Controlling the pK, of the
base groups on the particle surfaces makes it possible to
tune the foaming/non-foaming threshold pH.

The pH-dependent adsorption of PDMA-PS particles to
air—water interfaces was examined in detail to study the
resulting particle-stabilized bubbles/foams [98, 99]. A
Langmuir—Blodgett trough, an X-ray reflectometer, and a
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surface tensiometer were utilized to study the pH-dependent
adsorption of the PDMA-PS particles at the air—water
interface at different pH values [99]. Experiments have
shown that the PDMA-PS particles are adsorbed at the
air—water interface under basic pH conditions, whereas at
acidic pH values the majority of PDMA-PS particles are
dispersed in the aqueous media with only a small number of
particles adsorbed at the interface. The X-ray reflectometry
analysis indicated that a monolayer of PDMA-PS particles
forms at the air—water interface and an increase in the sur-
face pressure leads to the dense packing of the PDMA-PS
particles. A direct visualization method confirmed that the
contact angle of the particles at the air—water interface was
34° at a pH of 10.

In addition, polymer particles with a pH-responsive
core and a non-pH-responsive stabilizer can also function
as a pH-responsive foam stabilizer. PEG-P2VP particles
are one such candidate that can be used as an effective pH-
responsive bubble/foam stabilizer [66]. PEGMA-P2VP
particles are composed of non-pH-responsive PEG and
pH-responsive P2VP, leading to dual surface character-
istics, and, therefore, the hydrophilic—hydrophobic char-
acter can be controlled by external pH stimulus. The
PEGMA-P2VP particles adsorb at the air—water interface
to stabilize aqueous bubbles/foams at a pH of 10, but the
bubbles/foams are destabilized at a pH of 3 by the deso-
rption of the particles from the air—water interface. These
particles undergo a latex-to-microgel transition by
decreasing the pH and it could be possible to release the
functional compounds contained within the latex particles
by acid stimulus while simultaneously destabilizing the
bubbles and foams.

pH is an attractive stimulus, because acids/bases are
diverse, simple, and easy to handle; however, there is an
unfortunate disadvantage regarding the usage of acids/
bases. The application of acids/bases to bubble/foam sys-
tems could be limited, as the neutralization cycles of acids/
bases produce an undesirable accumulation of nonvolatile
salts. Carbon dioxide is a unique stimulus that is benign,
biocompatible, and easy to be applied. Carbonic acid forms
when carbon dioxide is introduced into and reacts with
water and carbonic acid can be removed from the aqueous
solution by bubbling with an inert gas, such as argon or
nitrogen. Therefore, multiple acid-base neutralization cycles
can be attained without increasing the ionic strength. Fur-
thermore, this neutralization cycling process is easily con-
ducted and non-accumulative.

Temperature-responsive bubbles/foams
Using polymer particles whose surface hydrophilic-hydrophobic
character can be tuned by temperature stimulus as a stabi-

lizer, bubbles and foams whose stabilities and structures can
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be controlled by temperature can be fabricated (Fig. 4a).
PDEA-PS particles [77-79] and PDMA-PS particles [76]
can be used as particulate bubble/foam stabilizers that are
responsive  to  both temperature and pH. The
hydrophilic—hydrophobic character of the particle surfaces
can be tuned by dual stimuli, and thus the stability and
structure of the resulting bubbles/foams could be well
controlled.

The hydrophilic-hydrophobic character of PDEA-PS
particle surfaces could be controlled by temperature sti-
mulus at a nearly neutral pH (where the LCST of PDEA at a
pH of 6.86 was 41°C). The PDEA-PS particles have
hydrated PDEA hairs at 25 °C and foams that coalesce with
time formed. At 40 °C and 45 °C, the PDEA-PS particles
have partially nonhydrated PDEA hairs and relatively stable
foams were produced. At and above 50 °C, the PDEA-PS
particles have nonhydrated PDEA hairs and highly stable
bubbles/foams that are stable for over 1 week formed. The
PDEA-PS particles adsorbed at the air—water interface,
mainly as a monolayer at 25 °C and as multilayers at and
above 40 °C, which has been confirmed by scanning elec-
tron microscopy.

In a similar manner, PDMA-PS particles can also func-
tion as a particulate bubble/foam stabilizer that is responsive
to both temperature and pH stimuli (Fig. 4b) [76]. At and
above a pH of 6.0, the PDMA hairy stabilizers are either
partially protonated or nonprotonated, and bubbles/foams
are produced at both 23 °C (below the LCST) and 55 °C
(above the LCST). The stability of the bubbles/foams
generated at 55 °C is better than those generated at 23 °C.
The PDMA-PS particles adsorb on the bubble surfaces as a
monolayer at 23 °C and as multilayers at 55 °C, and thicker
layers are more effective protectors for the bubbles. At and
below a pH of 5, the PDEA-PS particles have positively
charged hairy stabilizers with hydrophilic character and no
foam is formed, regardless of temperature. At both tem-
peratures, the bubbles/foams are rapidly disrupted on
demand by lowering the solution pH, which indicates that
the PDMA-PS particles desorb from the bubble surfaces and
disperse into the aqueous media via in situ protonation of
the PDMA hairy colloidal stabilizers.

Recently, PNIPAM particles were utilized as a
temperature-responsive foam stabilizer [69]. The surface
tensions of the aqueous dispersions of PNIPAM particles at
temperatures less than the LCST of PNIPAM were much
lower than those of water. Foams could be prepared at
temperature less than the LCST by bubbling nitrogen
through the aqueous dispersion of the PNIPAM particles,
whereas no/little foam was produced at temperatures greater
than the LCST. Furthermore, the foams produced at tem-
peratures below the LCST were quickly disrupted by
heating the foams above the LCST. It was claimed that this
rapid defoaming occurred by desorbing the PNIPAM
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Fig. 4 pH- and temperature-responsive bubbles/foams: a Schematic of
the pH- and temperature-induced disruption and structural change
of bubbles/foams stabilized with PDMA-PS particles. The
hydrophilic-hydrophobic character of the PDMA-PS particles could
be controlled by varying both the pH and temperature, and therefore

particles from the air—water interface, which was achieved
by switching off the surface activity of the PNIPAM par-
ticles. However, a report has described that the surface
tension of an aqueous dispersion of PNIPAM particles
decreased from ~44 mN/m to 39 mN/m when the tem-
perature increased from 20 °C to the LCST and was almost
constant above the LSCT [100]. From these results, it is
expected that the PNIPAM particles remained at the
air-water interface, even at temperatures at and above
the LCST, which does not correspond with the results on
the foam systems. To understand this phenomena, further
systematic studies are required.
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the particles acted as a dual stimuli-responsive stabilizers for aqueous
foams by adsorbing and desorbing to/from the air—water interface.
b SEM images of foams stabilized with PDMA-PS particles at 23 °C
and 55 °C, and pH values of 6.0 and 8.9. Reproduced with permission
[76]. Copyright 2015, The Royal Society of Chemistry

Stimulus-responsive liquid marbles

In nature, liquid marbles can form when rain droplets fall on
hydrophobic soil produced after forest fires [101]. Some
aphids are known to fabricate solid wax particle-stabilized
liquid marbles containing honeydew as the inner liquid and
these liquid droplets behave as non-wetting materials
[102, 103]. Liquid marbles can also be created in an arti-
ficial manner by coating droplets with solid particles and
several methods have been developed. The most general
method is the rolling method [31], where a droplet is gently
rolled on a dried polymer particle powder bed, forming a

SPRINGER NATURE
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liquid marble. The volume of liquid marbles can be easily
tuned by changing the droplet volume using a micropipette.
Multiple liquid marbles can be simultaneously fabricated by
spraying droplets onto a powder bed and coating the dro-
plets with particles. It has also been demonstrated that liquid
marbles can be fabricated in a one-step manner by the
impact of depositing droplets onto a dried particle powder
bed [104]. Simply drying droplets on a dried particle
powder bed has also been demonstrated to fabricate liquid
marbles via self-coating with particles [101]. Recently,
electrostatic fields have been successfully utilized to fabri-
cate liquid marbles [105-108]. Dried polymer particles
placed on an electrically biased substrate jump to elec-
trically grounded pendant water droplets when the electro-
static field is strong enough. This electrostatic field method
has an advantage, as the morphology of the resulting liquid
marbles can be controlled. Polymer particles with hydro-
philic surfaces tend to disperse in droplets, whereas those
with hydrophobic surfaces tend to adsorb at the air—water
interface of a droplet, which leads to the formation of a
composite liquid marble with a core/shell morphology; the
core is an aqueous dispersion of hydrophilic particles and
the shell is a hydrophobic particle layer [108]. Stimulus-
responsive liquid marbles have been mainly fabricated by
the rolling method, which is simple, quick, and only needs a
pipette. In this section, stimulus-responsive liquid marbles
stabilized with polymer particles are described. Recently,
stimuli-responsive liquid marbles that are stabilized with
functional particles, including inorganic particles, has been
reviewed and this review can be used as a reference [109].

Polymer particles
carrying
hydrophobic surface

&

Acid-responsive
system

Base-responsive
system

&

Liquid marble floating
on planar water surface

Fig. 5 pH-responsive liquid marbles: Schematic of the pH-induced
disruption of a liquid marble placed at a planar air—water interface. The
liquid marbles are stable for long periods of time on planar air-water
interface at pH values where the surfaces of the polymer particles are
hydrophobic enough for the particles to adsorb at the air—water
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pH-responsive liquid marbles

As in the case of bubbles and foams systems, liquid marbles
whose stability can be tuned by pH stimulus can be fabri-
cated using polymer particles as a stabilizer, which changes
their wettability to the air—water interface by a pH stimulus
(Fig. 5).

Liquid marbles stabilized with PDEA-PS particles were
the first to be demonstrated as stimulus responsive [80-85].
Liquid marbles consisting of PDEA-PS particles as the
stabilizer and distilled water as the inner liquid are stable for
over 90 min on the planar air—water interface when the pH
of the aqueous subphase is >8. On the other hand, these
liquid marbles immediately disintegrate when transferred
onto acidic air—water interfaces. Furthermore, liquid mar-
bles that are stable on an air—water interface at a pH of § can
be disrupted by adding acidic aqueous solutions close to the
liquid marble, which indicates that the spontaneous deso-
rption of PDEA-PS particles from the air—water interface
and their relocation to the bulk acidic aqueous phase is
induced by the protonation of the PDEA stabilizer on the
PDEA-PS particle surfaces. In addition, the PDEA-PS
particle-stabilized liquid marbles can disrupted by using an
acid as the gas (e.g., HCI gas) [82]. This acid-induced
disruption mechanism can be applied to liquid marbles that
are stabilized with PDMS-P2VP particles [67]. The mini-
mum pH required for liquid marbles to be stable on planar
air—water interfaces closely correlates with the pK, of the
P2VP particles (4.7). The PDMS-P2VP particles swell with
water via protonation by lowering the pH of the aqueous

Polymer particles

carrying
hydrophilic surface
H* 5
— + Cationic
+ +  surface charge
OH-
—) Anionic

surface charge

Liquid marble disrupted
on planar water surface

interface. In contrast, adding an acid/base induces immediate liquid
marble disruption and spontaneous desorption of the polymer particles
into the aqueous media, as the particle surface becomes hydrophilic by
protonation/deprotonation. Reproduced with permission [80]. Copy-
right 2009, American Chemical Society
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media and it is possible to release chemicals from the inside
of the particles and from the inner liquid of the liquid
marble.

The interactions between a liquid marble and a bare
water droplet have been investigated using a combined
apparatus comprising a coalescence rig and a high-speed
video camera, which visualizes the dynamics of droplet
coalescence with a millisecond resolution [84]. The induc-
tion times before coalescence, which measured the inter-
action between a liquid marble containing water (with a pH
of 3 or 10) and stabilized with PDEA-PS particles and the
bare water droplet (with a pH of 3), are longer than those
observed for the interaction between two bare water dro-
plets (with a pH of 3 or 10). The combination of the liquid
marble (with a pH of 10) and the bare water droplet has a
longer induction time than the combination of the liquid
marble (with a pH of 3) and the bare water droplet. From
the obtained results, spatiotemporal information on the
liquid marble stability could be acquired.

Liquid marbles that can be disrupted by adding bases
have also been fabricated (Fig. 5). To construct such a
liquid marble system, polymer particles having acidic
groups on their surfaces have been utilized (e.g., poly
(styrene-co-acrylic acid-co-2,2,3,4,4,4-hexafluorobutyl
methacrylate) [64], succinic anhydride-esterified poly(2-
hydroxypropyl methacrylate) [63], and poly[6-(acrylamido)
hexanoic acid] [62]). Liquid marbles stabilized by these
polymer particles are stable on the planar water surfaces
with pH values above the pK, of the acidic groups on the
particle surfaces. This occurs because the polymer particle
surfaces are hydrophobic when the acidic groups on the

particle surfaces are protonated and remain adsorbed to the
air—water interface of the liquid marbles. On the other hand,
the liquid marbles become unstable and are disrupted once
the base is added to the water surfaces near them. This
occurs because the surfaces of the polymer particles become
anionic and hydrophilic due to the deprotonation of
the acidic groups. The transition pH for the disruption of the
liquid marbles can be precisely tuned by controlling the pK,
of the acidic groups on the particle surfaces.

It is noteworthy that the drying conditions of the aqueous
dispersions of polymer particles play a crucial role in the
subsequent formation of the liquid marbles. For instance,
powdered poly(styrene-co-methacrylic acid) particles pre-
pared by freeze-drying an acidic aqueous dispersion (with a
pH of 3), which have protonated and relatively hydrophobic
surfaces, can function as an effective liquid marble stabi-
lizer. On the other hand, liquid marbles are difficult to be
prepared using particles prepared by freeze-drying a basic
aqueous dispersions (with a pH of 10) [110]. The same
phenomenon has been observed for liquid marbles stabi-
lized with PDEA-PS particles [85]; liquid marbles can be
fabricated using powdered PDEA-PS particles prepared by
drying a dispersion with a pH of 10.0, whereas the water
droplets were absorbed by the powdered PDEA-PS particles
prepared by drying a dispersion with a pH of 3.0 (Fig. 6).
The dried PDEA homopolymers prepared from the aqueous
solutions with pH values of 3.0 and 10.0 are partially pro-
tonated and nonprotonated, which was confirmed by ele-
mental microanalysis, pulse nuclear magnetic resonance,
thermogravimetric analysis, and contact angle measure-
ments. The difference in the chemical state can cause a

Dried
from pH 3

Colloidal crystal
grain

Particle aqueous dispersion ball
-

H\N‘(T H
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Partially protonated
hydrophilic stabilizer

Aqueous dispersion of
PDEA-PS particles

Dried
from pH 10

Amorphous and disordered
particle aggregate grain

Non-protonated
hydrophobic stabilizer

Fig. 6 Effect of the drying conditions of pH-responsive polymer par-
ticles on the formability of liquid marbles: the PDEA-PS particle
powder obtained from an aqueous dispersion with a pH of 3.0 consists
of irregular-shaped colloidal crystal grains that are hydrophilic. In
contrast, the PDEA-PS particle powder obtained from an aqueous
dispersion with a pH of 10.0 consists of amorphous and disordered
colloidal aggregate grains that are hydrophobic. Due to the

hydrophilic-hydrophobic character of the dried polymer particle
powders, liquid marbles are prepared using the powder prepared from
the dispersion with a pH of 10.0, whereas water droplets are absorbed
into the powders prepared from dispersion with a pH of 3.0. Repro-
duced with permission [85]. Copyright 2018, American Chemical
Society
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difference in the hydrophilic—-hydrophobic character of the
dried PDEA-PS particle surfaces. These results indicate that
the surface hydrophilic-hydrophobic character of the dried
polymer particles strongly depends on the drying conditions
and the initial state of the dried particle surfaces (protonated
or nonprotonated), which plays a significant role in the
formulation of liquid marbles, even though the same parti-
cles are used. In addition, it has been confirmed that the
grain structures of the PDEA-PS particle powder, which
should affect the wettability of the water, also depend on the
drying conditions [111, 112]. An investigation of the rela-
tionship between the grain structures of the powder and the
formability, stability, and structure of the liquid marbles
will be an interesting research topic.

Temperature-responsive liquid marbles

Liquid marbles, whose stabilities can be controlled by
temperature, have been prepared using temperature-
responsive polymer particles [70] (Fig. 7). PNIPAM is the
most extensively studied temperature-responsive polymer
and undergoes a reversible LCST phase transition. The
LCST of PNIPAM depends on the type and concentration
of salts introduced to the aqueous medium [113], and due to
salting out effects the LCST of PNIPAM decreases with an
increase in the salt concentration. Thus, the disintegration
temperature of the PNIPAM particle-stabilized liquid mar-
bles, which is close to the LCST of PNIPAM, can be
controlled by tuning the Na,SO,4 concentration in water. For
example, liquid marbles can float on planar interface
between air and an aqueous solution of Na,SO, at a tem-
perature greater than the LCST, and this behavior is dis-
rupted by cooling below the LCST. The disintegration
temperature of the liquid marble decreases with an increase
in the Na,SO, concentration. By maintaining the Na,SO,
concentrations between O and 0.5M, the disintegration
temperature of the liquid marbles can be tuned between 5 °©
C and 24 °C (Fig. 7d). The temperature-sensitive formation
of liquid marbles was studied using PS particles coated with
a crosslinked PNIPAM shell by electrostatic liquid marble
formation experiments [114]. PNIPAM-coated PS particles
tend to disperse into water droplets due to the high hydro-
philicity of the particles at temperature less than the LCST.
On the other hand, these particles attach to the droplet
surfaces and liquid marbles with rough surfaces are pro-
duced using water at 40 °C or a saturated KCl aqueous
solution at 25 °C.

Other temperature-responsive polymers demonstrate
LCST phase-transition character, including poly(N-vinyl-
caprolactam) [115], chitosan [116], PDEA, and PDMA, and
these polymers are possible candidates for use as
temperature-responsive liquid marble stabilizers. Until now,
temperature-responsive liquid marbles that can be disrupted
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Fig. 7 Temperature-responsive liquid marbles: a Schematic of a liquid
marble consisting of a 0.5 M Na,SO,4 aqueous solution, which acts as
the inner liquid phase, and PNIPAM, which acts as the stabilizer, and
the liquid marble floats on the planar interface between air and the
aqueous 0.5 M Na,SOy, solution. The liquid marble can be disrupted by
cooling. b, ¢ Digital photographs illustrating the disruption of the
PNIPAM particle-stabilized liquid marble floating on the planar
interface between air and the aqueous 0.5M Na,SOy, solution (b)
before and (c) after cooling to 0 °C from room temperature. d Dis-
ruption temperatures of the PNIPAM particle-stabilized liquid marbles
containing 10 pL. water with various concentrations of Na,SO, floated
on bulk water with the same Na,SO,4 concentration as that in the liquid
marble. Reproduced with permission [70]. Copyright 2014, Nature
Publishing Group

by a temperature increase have not been realized. For such a
system, particles that contain polymer components that
exhibit upper critical solution temperatures, such as poly(N-
acryloylglycinamide)-co-poly(N-acetylacrylamide) [117],
poly(N-acryloylasparaginamide) [118], and ureido-
derivatized polymers [119], are expected to function as
temperature-responsive liquid marble stabilizers.

Light-responsive liquid marbles

There have been reports indicating that Marangoni flow can
work as a propulsion force to move liquid marbles on planar
air—water interfaces. When a liquid marble containing a
water—alcohol mixture is placed on a planar air—water
interface, self-propulsions of the liquid marble can be
observed [120, 121]. This phenomenon is caused by the
generation of a surface tension gradient on the air—water
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interface via preferential evaporation of the alcohol com-
ponent from the liquid marble (i.e., the solutocapillary
effect). Although solutocapillary Marangoni flow is an
interesting propulsion force, it is difficult to control the
direction and timing of the liquid marble movements. This
occurs because the alcohol starts to evaporate, generating
the surface tension gradient on the water surface; the
direction and speed of the liquid marble are difficult to
control once the liquid marble is placed on the interface. To
control the motion of the liquid marbles, light-induced
Marangoni flow has been applied as a powerful and effec-
tive propulsion force [122—128]. Using light as a stimulus, it
is possible to control the position, area, direction, and tim-
ing of the stimulus application, and, therefore, precise
motion control of the liquid marble can be realized. Con-
jugated polymers such as PPy, PANI, PEDOT, and P3HT
are known to function as light-to-heat transducing materials
[129-131]. PPy is one of the most studied conjugated
polymer materials that has light-to-heat photothermal
properties and its temperature can increase rapidly (within a
few seconds) to up to several hundreds of degree Celsius
under NIR (808 nm) laser irradiation. Hydrophobic PPy
particle-stabilized liquid marbles can move on a planar
air-water interface by site-selective NIR laser irradiation
(Fig. 8a—c) [122—-124]. The manual NIR laser irradiation of
the three-phase contact line formed by the liquid marble, air,
and water at an angle of ~45° generates a surface tension
gradient that functions as a propulsion force, causing the
liquid marbles to move on the planar air—water interface.
Due to the surface tension gradient, the liquid marbles
immediately move forward on the air—water interface, away
from the point of irradiation. Thermography studies indicate
that the temperature of the water surface near the liquid
marble is ~31 °C, which contrasts with the temperature of
the bulk water (21 °C). This temperature difference gen-
erates a surface tension difference of a few mN/m, which
drives the movement of the liquid marble (Fig. 8c).
Numerical analyses confirmed that the velocity and accel-
eration of the liquid marble movements are ~0.01 ms~' and
0.1 ms~2, respectively, and the generated force is estimated
to be a few uN using the Newtonian equation of motion.
The locomotion of the liquid marble on the air—water
interface is ideal in that the object gains force from the
viscous liquid phase and moves in the gas phase with a low
viscosity, where the drag force is low [132].

Other conjugated polymers such as PANI [125], PEDOT
[126], and P3HT [127] can also be used as stabilizers to
enable the light-driven motion of liquid marbles. It is
advantageous that various excitation wavelengths can be
utilized as a light source due to the broad adsorption
spectrum of the conjugated polymers. For example, sun-
light, which provides clean, free, and inexhaustible energy,
can work as an effective light source to induce the

environmentally friendly locomotion of liquid marbles. To
synthesize the PPy, PANI, and PEDOT particles, which can
function as liquid marble stabilizers, perfluoroalkyl dopants
should be doped to render the conjugated polymer particles
hydrophobic. Considering the bioaccumulation and toxicity
of perfluoroalkyl dopants, P3HT is a fascinating material,
because it is hydrophobic enough to stabilize liquid marbles
without the use of a perfluoroalkyl dopant.

The light-driven locomotion of liquid marbles enables
the transport of liquid materials encapsulated within the
liquid marbles and polymer particles can be used as liquid
marble stabilizers. In addition, the on-demand and on-site
release of the inner liquid materials by external stimuli can
also be attained after/during the liquid marble locomotion.
For this purpose, liquid marbles stabilized with a mixture of
conjugated polymer particles and polymer particles that
respond to other stimuli, such as pH (e.g., PDEA-PS par-
ticles) and temperature (e.g., PNIPAM particles), can be
utilized [122]; in this case, liquid marbles can move via NIR
laser irradiation and can be disrupted by tuning the pH/
temperature. Furthermore, liquid marbles can be used as
light-driven vehicles to carry loads (Fig. 8d, e). If liquid
marbles are attached to floating objects (with centimeter
sizes) via capillary forces and irradiated by NIR or sunlight,
the floating objects (even those that are 150 times heavier
than the liquid marbles) can be pushed or pulled on the
planar air—water interface [122].

It is also possible to transfer liquid marbles between
liquid and solid surfaces, which should drive the develop-
ment of novel material transportation technologies (Fig. 8f)
[124]. Light-induced Marangoni flow or an air stream can
be utilized as propulsion forces to move liquid marbles on a
planar water film surface. When the liquid marbles are close
to the rim of the water film, they slide down the rim due to
gravity and move onto the solid surface. High-speed camera
observations indicate that liquid marbles move on water and
solid surfaces by sliding and rolling modes, respectively.
Interestingly, liquid marbles can be transferred back to a
water surface from a solid surface by an air stream.

The ability of liquid marbles to transport, push/pull,
transfer between liquid and solid surfaces, and release the
inner liquid by stimuli, on demand, should make liquid
marbles useful for a wide range of conceivable applications,
including light-controlled drug delivery and microfluidics
systems.

Conclusions and future research directions

The development of air—water soft dispersed systems whose
stability, structure, and motion can respond to various sti-
muli should broaden the potential applications of these soft
dispersed systems. Therefore, it is particularly crucial to
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Fig. 8 a Schematic illustrating the locomotion of a PPy particle-
stabilized liquid marble driven by light-induced Marangoni propul-
sion. Liquid marbles can be moved on planar air—water interfaces by
NIR laser irradiation and the stimuli-induced disruption of the liquid
marbles cause it to release its inner liquid. b, ¢ The drift motion of the
PPy-stabilized liquid marble observed by (b) a digital camera and (c)
thermography. d Delivery of materials by sunlight irradiation of liquid
marbles. The liquid marbles are bound to a plastic boat due to lateral
capillary forces. Nonlinear movements could be attained using mul-
tiple liquid marbles. e The relationship between the tilt angle of the

develop a broad range of functional polymer particles that
can function as effective stimulus-responsive stabilizers for
soft dispersed systems. Synthetic biodegradable polymer
particles and natural polymer particles produced from
woods and grass should be attractive stabilizers that can
disrupt the soft dispersion systems, in vivo and in nature.
Polymer particles that can respond to specific molecules and
biorelated polymer-based materials, including cells, bac-
teria, proteins, and viruses, can also be used as stimulus-
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boat based on the horizontal axis and the time, which depends on the
application of the focused sunlight on each liquid marble. Reproduced
with permission [122]. Copyright 2016, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. f Side view digital photographs illustrating
the transfer of the PPy-stabilized liquid marble from the air-water
interface to the air—solid interface. The application of mechanical stress
to the liquid marble using a cover glass disrupts the liquid marble and
releases the internal liquid. Reproduced with permission [124].
Copyright 2017, American Chemical Society

responsive stabilizers. (Nano) Composites [133] and
element-block polymers [134] have unique optical and
magnetic properties, and are expected to add interesting
functionality to soft dispersed systems if they are utilized in
the form of particles and used as stabilizers. Molecularly
imprinted polymers are interesting materials [135], as they
can selectively absorb/adsorb and recover target molecules
from the environment. Soft dispersed systems that are sta-
bilized with molecularly imprinted polymer particles are
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expected to be applied as a key technology for water pur-
ification and ion flotation.

Until now, bubbles and foams that are responsive to
external stimuli, such as magnetic fields [136-138] and
mechanical stress [93], have been realized using inorganic
particles. Liquid marbles whose stabilities and structures are
responsive to various stimuli, including mechanical stress
[139, 140], oxidizing agents [141], UV [142], specific
molecules [143], and magnetic fields [52], as well as pH
[144], temperature [145], and NIR [146], have also been
developed using inorganic particles and small molecule
powders. By combining/incorporating these functions of
inorganic compounds and small molecules with/into the
polymer particles, more sophisticated soft dispersed systems
can be attained.

It is crucial to explicate the correlations between the size
and shape of the particulate stabilizers and the formability,
stability, structure, and stimulus-responsiveness of the soft
dispersed systems [147-151]. Polymer particles are

Fig. 9 a Schematic illustrating (a)
the fabrication of a polymeric
microcapsule by solvent
treatment of PS particle-
stabilized bubbles in a water
medium. b—e SEM images of the
PS particle-stabilized bubbles
(b, ¢) before and (d, e) after a
dichloromethane solvent
treatment. ¢, e Magnified images
of the surfaces of the bubble and
the microcapsule. Reproduced
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advantageous, as they can be synthesized and modified to
have various sizes from a few tens of nanometers to a few
millimeters, and the polymer particles can be prepared in
many different shapes, including bowls, disks, rods,
snowmen, octopuses, jellyfish, and worms [152-154].
Recently, studies have examined the effects of the size and
shape of polymer particles on the formability and structure
of soft dispersed systems [150, 155], and introducing
stimulus-responsive character to these systems should
expand their range of applications. Janus particles with two
different surface chemistries are other interesting materials
and will be used as stimulus-responsive particulate stabi-
lizers in the future [156].

Future investigations will be conducted to develop
stimulus-responsive modes.  Stimuli-responsive  shape
change is an exciting modes that could be pursued using
shape memory polymer particles [157]. Stimulus-driven
locomotion (e.g., rotation, rising, and falling) are important
modes to be controlled. It is also important for multiple

Water

PS particle PS film

—

Polymer
dissolution
with solvent

—

Solvent
evaporation

with permission [158].
Copyright 2015, The Chemical
Society of Japan

ca. 10 -460 um

PS particle-stabilized
aqueous bubble

ca. 10 - 460 um

PS hollow microsphere
containing air
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stimuli-responsive systems to be developed in a predictable
and controllable manner. Such particle-stabilized soft dis-
persed systems are particularly interesting, because stimuli-
responsive controllable ranges could be widened. Precise
control of the stable/unstable state transition of the soft
dispersed systems by a narrow condition transition range is
important and is expected to be attained by fully exploiting
the strength of polymer chemistries. To construct and rea-
lize multiple stimuli-responsive soft dispersed systems, it is
worth revisiting the methods used to apply stimuli to the
systems. It is possible to apply a stimulus to the systems in a
site-selective manner at a desired time if the sizes of the
bubbles and liquid marbles are large enough (e.g., several
hundreds of micrometers to the meter scale) for the stimulus
to be applied in a small area. The simultaneous and time
sequential applications of multiple stimuli to the same/dif-
ferent areas of a single bubble or liquid marble will be
realized, which should ultimately contribute to the con-
struction of lab-on-a-bubble/liquid marble systems. In
addition, multiple stimuli-responsive soft dispersed systems
whose motion and disruption timing can be tuned by an
independent external stimulus would enable the develop-
ment of material delivery and release systems. It is also
important to develop multiple air—water soft dispersed
systems (e.g., air-in-water-in-air and water-in-air-in-water
systems), which should show multiple and stepwise
responses.

Polymer particle-stabilized air—water soft dispersed sys-
tems can be used as platforms, opening the door for the
development of novel functional soft materials. Capsules
are attractive materials that can be fabricated from soft
dispersed systems. PS particle-stabilized bubbles dispersed
in a continuous water medium could be transformed into
polymeric capsules via film formation of the PS particles at
the bubble surfaces by the addition of dichloromethane and
subsequent evaporation of the solvent (Fig. 9) [158]. In a
similar manner, polymeric capsules can be prepared from
liquid marbles stabilized with polymer particles via a sol-
vent vapor treatment [83, 159]. Film formation can also be
attained by heat annealing and subsequent cooling. Cap-
sules fabricated from bubbles and liquid marbles that can be
disrupted and can release their inner materials by applica-
tion of an external stimulus, on demand, function as intel-
ligent materials. Polymer film structures (characterized by
various roughness and pore sizes) on the bubble and liquid
marble surfaces can be controlled by varying the film for-
mation conditions and it is possible to control the release
kinetics of the inner materials (i.e., a digital on/off or a slow
release manners).

There are many similarities between particle-stabilized
air—water dispersed systems (bubbles/foams and liquid
marbles) and particle-stabilized emulsions consisting of oils
and water (Pickering emulsions), because air behaves as a
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highly hydrophobic oil. Based on this fact, the principles
established in the oil-water soft dispersed systems can be
applied to the stimulus-responsive air—water soft dispersed
systems stabilized with polymer particles. The knowledge
acquired in the liquid marble system can be leveraged for
understanding the formability, stability, and structure of dry
liquids [35].

Polymer particles with well-controlled sizes, shapes, and
surface chemistries should be studied to gain deep insight
into soft dispersed systems. Interdisciplinary research
involving chemists, physicists, chemical engineers, and
mathematician should play an important role in developing
particle-stabilized gas-liquid soft dispersion science and
engineering, and in proposing a wide range of academic and
industrial applications.
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