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ABSTRACT: Droplet manipulation on surfaces is ubiquitous in many industrial 4-\
fields. Liquid-repellent surfaces are required to facilitate manipulation because .
sticking restricts droplet motion. Various liquid-repellent surfaces have been used to Microliter

manipulate microliter droplets. However, classical surfaces suffer from the
repellence of pico- to nanoliter droplets. This study demonstrates the nonsticking
property of pico- to nanoliter droplets on surfaces when it is coated with low-
surface-energy particles with nano—micrometer hierarchy. The dynamic particle
coating of ultrasonic-sprayed droplets enables the formation of highly spherical,
isolated, particle-coated picoliter droplets. The particle coating changes the solid—
liquid interfacial friction to solid—solid interfacial friction and reduces the force
required to move the droplet to the subnanonewton range. Consequently, picoliter \
droplets slide off a tilted substrate without sticking. The coating does not affect the  Non-sticking pico- to nanoliter droplets

fluid shape reconfigurability of the droplets. This approach facilitates diverse and

complex multiway manipulation of picoliter droplets, allowing separation, arrange-

ment, transportation, and shape reconfiguration without sticking. This advances the understanding of droplet behavior at
interfaces, and the proposed method may contribute to downsizing fluidic systems.

KEYWORDS: nanomicrometer hierarchical particles, nonsticking picoliter droplet, liquid marble, superomniphobicity,
droplet manipulation

INTRODUCTION

The manipulation of droplets on surfaces is essential across
numerous industrial fields.'~” For example, precise handling of
progressively smaller volumes of liquids is increasingly
important for droplet microfluidics applications such as
chemical reactors,'®™"? bioe\n:alysis,l3’14 and cargo deliv-

5717 Liquid-repellent surfaces have been suggested as a
powerful platform for microliter droplet manipulation because
sticking is a serious problem for small-volume droplets.
Traditionally, various liquid-repellent surfaces have been
formed on droplet-contacting substrates. Representative

droplets floating on a heated substrate—exhibit negligible
friction.*”~** However, severe limitations in substrate/droplet
combinations and high energy consumption restrict their
practical use.

Alternatively, liquid-repellent structures have been formed
on droplet surfaces by coating them with low-surface-energy
nanometer and/or micrometer particles. The particle-coated
millimetric droplets exhibit nonsticking properties on surfaces
and are recognized as liquid marbles.” Unlike bulk-film-coated
droplets, particle-coated droplets retain their fluid shape
reconfigurability. The dynamics of particle-coated droplets
(liquid marbles) have been investigated.%_48 Recent studies

surfaces such as hydrophobic, superhydrophobic, super-
omniphobic, lubricant-impregnated, and liquid-like surfaces
have successfully repelled microliter droplets.lg_22 However,
they are less effective with smaller droplets, which are more
sensitive to the chemotopological heterogeneity of the surface,
and the reduction of solid—liquid interfacial friction is a
limiting factor.”>™*® Therefore, a trade-off exists between
droplet sticking and droplet volume. The droplet friction on
these surfaces limits the minimum repellable volume to the
order of microliters (Table §1).2372¢!1920,22,29=34 Despite
previous efforts,'”**™*' imperfect and nongeneral nanoliter
droplet repellence limits the diversity and complexity of
droplet manipulation. Exceptionally, Leidenfrost droplets—i.e.,
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have suggested that liquid marble friction is constantly low at
the microliter scale, regardless of the droplet volume.’
However, liquid marble friction at smaller scales has not
been investigated thoroughly and the minimum volume where
particle-coated droplets exhibit low friction is unknown. This is
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Figure 1. Picoliter droplet repellence using superomniphobic particles. (a) Sliding behavior of picoliter droplets when the droplets (top) and
substrate (bottom) were coated with superomniphobic particles. Droplet sliding behavior when the substrate was tilted at 0.1°/s and the (b)
droplets and (c) substrate were coated with particles. Scale bars: 1 mm. Effect of droplet volume V on the sliding angle a for (d) particle-
coated droplets and substrate and (e) various liquid-repellent surfaces. The horizontal axis in (e) shows the droplet volume multiplied by the
liquid density to allow the sliding angle to be compared without considering the effects of liquid density. The plot shows improvement of the
proposed method compared to those reported previously (Table S1 for details). (f) Schematic of the micrometer-sized droplet

manipulations achieved in this study.

because the formation of spherical and isolated liquid marbles
at pico- to nanoliter volume is challenging while recent work
has achieved a minimum volume of liquid marble of
approximately 0.2 uL.*

In this study, we developed our original and broadly
applicable technique® for the preparation of isolated high-
sphericity particle-coated picoliter droplets (see Coating
Droplets with Superomniphobic Particles). We find the
particle-coated droplets exhibited nonsticking properties,
even at picoliter volumes. The nonsticking property offered
diverse and complex multiway manipulation of picoliter
droplets including arrangement, transport, switchable sticking,
and shape reconfiguration.

RESULTS AND DISCUSSION

Nonsticking Property of Particle-Coated Droplets.
Figure la—c show the droplet size-dependent sticking
properties when either the droplet or substrate was coated
with liquid-repellent particles. The liquid-repellent particles
used in this study were fluorocarbon-modified fumed titania
particles with a primary diameter of ~20 nm and single-
micrometer aggregation. Owing to the fluorination, the
particles had a low critical surface tension of 26 = 1 mN/m

(Figure S1).

39399

The particle-coated substrate showed nano—micrometer
hierarchical structures with low surface energy, and it exhibited
excellent liquid repellency, known as superomniphobicity. For
a volume V of 10 uL (diameter =~ 2.7 mm), the substrate had
an apparent static contact angle 6 of 171 + 1° for water
(surface tension ~ 72 mN/m) and 164 + 1° for oleic acid
(surface tension &~ 33 mN/m) (Figure S2). In this study, 1-(2-
hydroxyethyl)-3-methylimidazolium tetrafluoroborate, which
has surface tension &~ 58 mN/m and liquid density p =
1340 kg/m® was used as the liquid for the probe droplet to
minimize the effects of droplet evaporation. Sticking was
assessed based on the critical substrate tilting angle o which
caused the droplet to slide off the substrate. In this case, the
droplet friction F is equal to the component of the gravitational
force parallel to the tilted substrate, F &~ pVg sin a, where g is
the acceleration due to gravity. We assumed that the mass of
the particles on the droplet was negligible compared to the
mass of the droplet because the tamped density of the particles
(~10* kg/m*) was much less than the density of the liquid
(~10° kg/m?) and the thickness of the particle layer (~1 pm)
was much less than the diameter of the droplet (Figure S3).

When uncoated droplets were cast on the superomniphobic
particle-coated substrate, @ was small for millimetric droplets
and increased exponentially as the droplet volume decreased
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Figure 2. Coating droplets with superomniphobic particles. (a) Schematic of the method used to coat the picoliter droplets with
superomniphobic particles. (b) SEM images of the superomniphobic particle-coated droplets. Scale bars: 5 ym (left) and 100 nm (right). (c)
Photographs of the core liquid (top) and coated droplets (bottom) in glass bottles. Scale bars: 5 mm. (d) Nonsticking contact of the
droplets. Triangular and square lattice packings were observed. Scale bars: 100 ym. (e) Droplet size was controlled by sieving. (f—h)
Microscopy images of droplets with different sizes. Scale bars: 200 gm and 1 mm for higher and lower magnification images, respectively. (i)
Deformation stability of the droplets as a function of the droplet diameter during compression. Scale bar: 70 gm.

(Figure 1c,d). We estimated that sin @ ~ V"3 (see Note S1
and Figure S4 for the discussion). When particle-coated
droplets were cast on the substrate, @ increased exponentially
as the droplet volume decreased. However, compared to the
case with the particle-coated substrate, much smaller particle-
coated droplets were able to slide off the substrate (Figure
1a,b,d and Movie S1). These differences occurred owing to the
differences between droplet—particle interactions in the former
case and particle—substrate interactions in the latter case (see
Note S2 and Figure SS for the discussion). The observed
minimum F for the particle-coated droplet was approximately
0.2 nN for V = 20 pL or pV = 27 ng, which is of the same
order as colloidal forces originating from van der Waals
interactions.”'

We compared the volume-dependent sliding angles of
particle-coated droplets and classical liquid-repellent interfaces
(Figure le and Table S1) and found that the proposed
approach reduced the droplet-repellent volume by three to
four orders of magnitude. This reduction in the liquid-repellent
volume presents opportunities for nonsticking picoliter droplet
manipulation, which we explored in this study (Figure 1f). The
following sections demonstrate how diverse and complex
manipulation of picoliter droplets can be achieved using the
particle-coating strategy.

39400

Coating Droplets with Superomniphobic Particles.
The setup used to obtain superomniphobic particle-coated
droplets at picoliter volume is shown in Figure 2a. Picoliter
droplets of the ionic liquid, whose diameter is tens micrometer,
were produced using an ultrasonic spray and impacted on a
superomniphobic particle powder bed under vibration. The
picoliter droplets can also be produced using a commercially
available hand sprayer (Figure S6). Furthermore, heating
liquids or commercial mist diffusers may also be viable
methods of producing picoliter droplets. The particles were
adsorbed on the droplet surface rather than diffusing inside
because the critical surface tension of the particles was
significantly smaller than that of the droplet and the particle
exhibited low wettability to the droplet.”> When ethanol
(surface tension ~ 22 mN/m) or liquid polydimethylsiloxane
(PDMS) (surface tension =~ 20 mN/m) is used as the core
liquid, particle-coated droplets are not formed, instead we
observed powder agglomeration (Figure S7).

Fluorine-free hydrocarbon-modified particles also adsorbed
to the droplet surface to form particle-coated droplets at
picoliter volume (Figure S7). Our previous study revealed that
the nanomicro hierarchy is crucial to form small liquid
marble.”” However, although commercial hydrocarbon-modi-
fied fumed titania particles can be used to produce particle-
coated droplets at microliter volume, they cannot be used with
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Figure 3. Arrangement and transport. (a) Particle-coated droplets lie thick on glass and water surfaces like powder. The advancing angles of
the repose were approximately 26 and 15° on glass and water, respectively. Scale bars: S mm. (b) Side views of droplets on various surfaces;
0 denotes the apparent contact angle. Scale bars: 50 um. (c) Sticking behavior of droplets on water or oleic acid. Scale bar: 50 ym. (d)
Droplet transportation on water controlled by airflow. Scale bar: S0 gm. (e) Patterned droplet deposition. Oleic acid patterns were
produced, and droplets were deposited on the oleic acid surface, enabling on-demand arrangement of the droplets. Scale bars: 500 gm. (f)
Stuck image of preprogrammed droplet transportation. The droplets moved parallel to the oleic acid surface; thus, the motion orbital drew a
patterned oleic acid contact line shape. Scale bar: 1 mm. (g) Behavior of the droplets in PDMS. Opaqueness of the droplets before and after
lubrication (top). Side views of the droplets partially sunk in a thin PDMS layer (middle) and dispersed in thick a PDMS layer like an
emulsion (bottom). Scale bars: 100 gm. (h) Long-range interactions of droplets cloaked in a thin PDMS layer. Motion orbitals of droplets
expressed by stuck-in-time images. Scale bars: 200 gm. (i) On-demand transportation of droplets doped with Sr ferrite using a magnet. Scale
bar: 50 um. (j—1) Assembly of charged picoliter droplets. Contact electrification between the glass substrate and fluorinated nanoparticles
electrostatically charged the contact region of the droplets. (j) One-dimensional assembly of the partially charged droplets on a polystyrene
dish. Scale bars: 100 pm. (k) Electrostatic collective transportation of the charged droplets. Scale bar: 500 um. (1) Electrostatic

reconfiguration of the droplet assembly. Scale bar: 1 mm.

picoliter droplets owing to powder agglomeration (Figure S7).
Therefore, the quality of the modification/aggregation is an
important consideration to produce particle-coated droplets at
picoliter volume.

Particle adsorption produced a dynamic particle coating on
the droplet and its structure was observed using field-emission
scanning electron microscopy (SEM) (Figure 2b). Owing to
the nonvolatility of the core liquid, direct SEM observations of
the particle-coated droplets were possible. The particle layer
was approximately 1 ym thick and exhibited a hierarchical
structure of 20 nm primary particles and ~2 ym aggregates.
We prepared particle-coated droplets of different colors by
dying the core liquid and copowdering them on a glass
substrate (Figure 2c).

When the particle-coated droplets were in contact with each
other (Figure 2d), the contact area formed a solid—solid
interface owing to the particle coating, which prevented them
from sticking and coalescing and stable for at least 30 d in a
sealed glass bottle (Figure S7). We observed that the droplets

were closely packed into triangular or square lattices, similar to
granules or colloids, depending on their density. Because the
droplets did not stick to each other, sieving was used to sort
the droplets by diameter. The diameter distributions (Figure
2e) were mostly limited to the upper and lower mesh pore
sizes, and highly uniform droplets of different sizes were
obtained by dispersing them in air (Figures 2f—h and S8).
However, the upper limit of the filtered droplet size slightly
exceeded the filtration size, which was probably due to droplet
deformation during filtration. It means droplets retained their
nonsticking properties even in the deformed state, which was
confirmed by the compression stability test (Figure 2i). The
critical deformation rate for the droplet nonsticking property
increased as the droplet diameter decreased. Furthermore, the
critical compression pressure, estimated from the Laplace
pressure,” increased as the droplet size decreased. We found
that a droplet with a diameter of approximately 100 pm
retained its nonsticking properties even after 90% compression
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Figure 4. Switchable sticking and shape reconfiguration. (a) Stimuli-responsive local omniphilization of particle-coated droplets. Ionic liquid
surfaces were exposed to focused UV irradiation during omniphilization, which was confirmed by field-emission SEM. Scale bar: 2 pm. (b)
Observation of the liquid surface exposed by UV irradiation. Top two images: the variation in the droplet’s outline shape when the liquid
surface was exposed by irradiated UV. Scale bar: 20 um. Bottom image: selective exposure of the liquid surface by focused UV laser
irradiation. Scale bar: 50 gm. (c) Omniphilization was induced by photocatalytic detachment of the omniphobic molecules from the particle,
which was confirmed by FT-IR spectroscopy before and after UV irradiation. (d) Variations in UV-induced particle wettability confirmed by
the dynamic contact angles on a particle-coated glass substrate after different UV irradiation times. (e) Switch to the sticking state of the
droplets triggered by a focused UV laser. Scale bars: 50 ym. (f) On-demand cascade coalescence of the droplets triggered by a UV laser.
Scale bars: 20 gym. (g) Droplets mechanically split by cutting with a glass needle. Scale bars: 20 pm.

(Movie S2). This robust nonsticking property helps to The difference in adhesion properties of picoliter droplets on
facilitate the droplet handling in sorting. solid and liquid surfaces presents ideas for manipulating

Arrangement and Transport. Owing to their nonsticking picoliter droplets. Air could be used to blow them off a water
properties and compression stability, the droplets behaved like surface owing to their low adhesion (Figure 3d and Movie $4).
a powder; that is, in addition to piling on solid substrates, they By contrast, oleic acid could be used to arrange them in a
could also pile on a water pool owing to their water repellence patterned shape owing to their adhesion (Figure 3e). In this
(Figure 3a and Movie S3). In the movie, the droplets appear to state, the freedom of motion of the picoliter droplets was
move without sticking on both these surfaces because they are limited to the direction parallel to the oleic acid surface, and

the droplets moved along the shape of the oleic acid surface.
Thus, the motion of the droplets was preprogrammed by the
patterned deposition of oleic acid (Figure 3f and Movie S5).

We observed the droplets sunk into the liquid PDMS with
an apparent contact angle of 59 + 2° (Figure 3b). Here, we
investigated the droplets impregnated into liquid PDMS
(Figure 3gh and Movie S6). After impregnation, two scenarios
were observed. In the first scenario, the air between the
particles in the droplet coating was replaced by PDMS, which
was confirmed by the optical changes in the droplets (see the
. L top image in Figure 3g). Consequently, the droplets were
contact angle of 167 + 4°, and oleic acid—droplet contact was cloaked in a thin layer of PDMS with a thickness comparable
apparent. Therefore, the droplets showed different adhesion to the diameter of the droplets (see the middle image in Figure
behavior with water and oleic acid. As shown in Figure 3¢, a 3g). In the second scenario, the droplets were wrapped in a

not wet.

The shapes of the droplets on glass and various liquid
surfaces were shown in Figure 3b. The apparent contact angles
of the droplets were used to quantify the droplet adhesion to
the liquid surfaces. This indicated that the adhesion of the
droplets depended on the liquid. They sat on the surface of the
water and appeared almost perfectly spherical, with a contact
angle of 176 + 2° such that no clear water—droplet contact
was visible in the side view photo. By contrast, the droplets on
the oleic acid surface were not perfectly spherical, with a

picoliter droplet attached to a large water or oleic acid droplet thick layer of PDMS, where the surrounding droplets were
was slid on an omniphobic substrate. The picoliter droplet did replaced by PDMS, as in emulsions (see the bottom image in
not follow the water droplet because the adhesion was Figure 3g). Here, the droplet density and size could be
negligible. By contrast, it followed the oleic acid droplet, controlled independently by controlling the PDMS-to-droplet
which indicates that the picoliter droplets adhered to the oleic ratio and sieving mesh size, respectively. The droplets cloaked
acid surface. in a thin layer of PDMS exhibited collective motion (Figure 3h

39402 https://doi.org/10.1021/acsnano.5¢14919
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and Movie S6). We observed interactions between the
droplets, and the swarm exhibited complex collective self-
propelling motion. This was related to the capillary force of the
PDMS because the cloaked droplets distorted the PDMS
surface (Figure 3b) and affected the direction of the capillary
force, which is a known phenomenon in uncoated droplets.”*>"*
Another strategy for driving the droplets involved doping them
with magnetic powder (Figure 3i and Movie S7). Owing to
their magnetic field responsivity, the doped droplets exhibited
magnetically regulated on-demand motion.

Because the droplets behaved like colloidal particles, they
could be assembled by surface charging. We rolled the droplets
off a glass substrate and dropped them onto a polystyrene
substrate (Figure 3j). Owing to their relative positions in the
triboelectric series, the glass surface was positively charged and
the fluorinated particles on the droplets were negatively
charged through triboelectrification. The charged region was
limited to the contact area between the droplets and the glass
substrate; therefore, the droplets dropped onto the polystyrene
substrate had a biased surface charge distribution. Con-
sequently, the region of the droplet surface near the border
of the charged region and the region in contact with the
polystyrene substrate were positively polarized, which resulted
in a soft arrest at the substrate (Movie S8). Moreover, the
biased droplet charge resulted in a one-dimensional assembly
of the droplets (Figure 3j). Furthermore, collective directional
manipulation of the droplets and droplet assembly reconfigu-
ration were achieved by approaching the polystyrene substrate
with a rubber surface (Figure 3kl and Movie S8). The
prototype flexible droplet motion and deposition demonstrated
in Figure 3 suggest that various strategies can be used to
manipulate picoliter droplets without sticking.

Switchable Sticking and Shape Reconfiguration.
Unlike continuous film-coated droplets, particle-coated
droplets maintain fluid shape reconfigurability through wetting,
coalescing, or splitting by external stimuli (Figure 4). We
focused on the photocatalytic activity of the particles. X-ray
Rietveld refinement showed that the titania particles consisted
of anatase (~91%) and rutile (~9%) phases (Figure S9). The
particles became omniphilic after energy input because the
anatase crystal acted as a photocatalyst.””*° As expected, the
omniphilized particles detached from the liquid surface (Figure
4a), which was confirmed by SEM. The liquid surface was
exposed when the electron beam focused on a particle-coated
droplet inside the SEM chamber. At the border of the exposed
liquid, the particles were partially wetted by the core liquid,
which was consistent with our expectations.

Although exposure of the liquid surface can facilitate shape
reconfiguration, electron beams cannot be used in air.
Therefore, we used ultraviolet (UV) light, which is absorbed
by the particles, to expose the liquid surface instead (Figure
S10). The liquid surface exposure was confirmed by direct
observation using digital microscopy (Figure 4b). Upon UV
irradiation, the particle layer had detached from the liquid
surface. UV-induced omniphilization occurred because the
fluorocarbon groups detached from the particles. This was
confirmed by Fourier Transform Infrared (FT-IR) Spectros-
copy, in which the intensity of O—H stretching peak increased
and C—F peaks decreased after UV irradiation (see Figures 4c
and S11 for the FT-IR peaks of the unmodified particles).
Omniphilization occurred owing to the change in surface
chemistry because the structure of the particles was not
affected by UV irradiation (Figure S12). The omniphilization

was quantified based on the contact angle of the core liquid on
the particle-coated substrate (Figure 4d), which indicated that
both the advancing and receding contact angles decreased as
the UV irradiation time increased.

Exposure of the liquid in the nonsticking droplets resulted in
stimuli-responsive shape reconfigurability. When the bottom of
a droplet was irradiated with UV light, it adhered to the
substrate (Figure 4e and Movie S9). Moreover, UV irradiation
of neighboring droplets enabled selective coalescence (Figure
4f and Movie S10). Furthermore, the droplets could be split
mechanically using a thin glass rod (Figure 4g and Movie S11).
Owing to the particle layer, split droplets do not coalesce
without external stimuli. The droplet splitting enables the
separation of inner liquid components. The cyclic coalescence
and splitting of droplets may diversify droplet microfluidics.

CONCLUSIONS

Our findings offer insights into the manipulation of picoliter
droplets without sticking by particle-coating. The variations in
the possible functional droplet/particle combinations and
manipulation strategies present opportunities for applications
such as sticking-free pico-/nanofluidics and soft microrobotics,
which has recently been considered for particle-coated droplets
at microliter scale.”’~*° Moreover, the colloidal particle-like
collective behavior of the droplets—including electrostatic and
lubricated assembly—may advance the swarm droplet systems.
Such collective motion is challenging for millimetric droplets
because they are dominated by gravitational and hydrodynamic
forces rather than thermal fluctuations or interdroplet
interactions. Therefore, we believe this work offers new
approaches that bridge droplet transport and colloidal self-
assembly.

METHODS

Materials. All the materials were used as received. Fumed titania
particles (AEROXIDE TiO, P 90) and commercial alkyl-modified
fumed titania particles (AEROXIDE TiO, NKT90) were obtained
from Evonik Industries (Germany). 1H,1H,2H,2H-perfluorotrichlor-
osilane was obtained from Angene International Ltd. (China). Methyl
trichlorosilane was obtained from Tokyo Chemical Industry Co., Ltd.
(Japan). The ionic liquid, 1-(2-hydroxyethyl)-3-methylimidazolium
tetrafluoroborate, was obtained from IoLiTec Ionic Liquids
Technologies GmbH (Germany). Ultrapure water with a resistance
of 18.2 MQ/cm was obtained using a Direct-Q UV3 system (Merck
KGaA, Germany). Ethanol with > 99.5% purity and acetone with >
99.5% purity were from Nacalai Tesque, Inc. (Japan). Oleic acid and
its dyestuff oil red were obtained from FUJIFILM Wako Pure
Chemical Corporation (Japan). Liquid PDMS (DMS-TO0S) was
obtained from Gelest, Inc. (USA). The food coloring used in Figure
2c was obtained from Kyoritsu Foods Co. Ltd. (Japan). The
component ratios were 15% New Coccine and 85% dextrin for red
coloring; 14% tartrazine and 86% dextrin for yellow coloring; 8.0%
Brilliant Blue FCF and 92% dextrin for blue coloring; and 8.4%
Tartrazine, 3.6% Brilliant Blue FCF, and 88% dextrin for green
coloring. A black coloring was obtained by mixing all these colorings.
Magnetic powder with an average particle diameter of 20 um
(product name: Sr ferrite Type 1) was obtained from Powdertech
Co., Ltd. (Japan). The liquid-repellent surface was prepared for
picoliter droplet patterning using a solution of an amorphous
perfluorinated polymer, Cytop (CTL-809M, AGC Inc., Japan),
diluted with CT-Solv.180 (AGC Inc., Japan).

Particle Preparation. The surface of the fumed titania particles
(AEROXIDE TiO, P 90) was modified with silane compounds by
chemical vapor deposition. The particles were prefiltered using a
metal mesh (obtained from Sanpo Co. Ltd., Japan) with a pore
diameter of 63 ym. The filtered particles (1 g) were spread on the
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bottom of a glass container with a width of 78 mm and height of 105
mm. Then, a 1.5 mL glass bottle loaded with 1 mL of 1H,1H,2H,2H-
perfluorotrichlorosilane (or methyltrichlorosilane) was placed inside
the glass container (particles were evacuated from the area where the
bottle was placed). The glass container was sealed with aluminum foil
and heated for 72 h at 120 °C. After heating, the particles were
transferred to a light-shielded glass container and cooled to room
temperature (20—22 °C).

Design of Nonsticking Picoliter Droplets. The experimental
setup is illustrated in Figure 2a. An ultrasonic spray with a frequency
of 40 kHz was obtained using a WS40K ultrasonic spray nozzle and
controlled using an AG0001 ultrasonic generator (Sonaer Inc., USA).
A commercial hand spray with a container volume of 25 mL was
obtained from Artec Co. Ltd. (Japan). A particle powder bed was
formed on a glass dish, which was vibrated using a vortex mixer at
1200 rpm (GHW-3000, AS ONE Corporation, Japan).

Preparation of the Particle-Coated Substrate. A glass slide
substrate (Micro slides, Muto Pure Chemicals Co., Ltd., Japan) were
coated with a 4 wt % dispersion of the particles in acetone using a
spray gun with a nozzle diameter of 0.3 mm (Ausus airbrush 130).
The substrates were cleaned for 2 min using a plasma cleaner (PIB-
10; Vacuum Device Inc., Japan). The spraying pressure was 0.4 MPa,
and the spraying time was approximately 2 s. The density of the
coated particles was approximately 2.7 pg/mm’

Preparation of the Patterned Substrate. Patterned photo-
activated surfaces were prepared by masked vacuum ultraviolet
(VUV) irradiation of Cytop-coated glass substrates.’" A thin layer of
Cytop was applied to glass substrates by spin-coating a solution
diluted in CT-Solv. 180 at 2,000 rpm for 60 s at 24—25 °C.
Subsequently, the Cytop layer was cured at 50 °C and 0.08 MPa for
10 min, 80 °C and 0.02 MPa for 15 min, and 180 °C and 0.02 MPa
for 60 min. We used a UV dry processor (PRI03—01, Priways Co.,
Ltd.) for VUV irradiation using an Xe, excimer lamp. Subsequently,
the substrates were placed in a chamber filled with N, gas. A
patterned photoactivated polymer surface was produced by masked
VUV irradiation through a photomask composed of a predefined Cr
mask pattern on a synthesized silica plate.

Wettability Analysis. All analyses were conducted at room
temperature (20—22 °C) and ambient humidity (49—53% RH). The
critical surface tensions of the particles were measured using the
following protocol. The experimental setup is shown in Figure SI.
Ethanol was added to the water until the floating particles detached
from the liquid surface. At the point of detachment, the liquid surface
tension should be equal to the critical value for complete wetting of
the particles by the liquid. We regarded this value as the critical
surface tension of the particles. The surface tension was measured
using a contact angle meter (Drop Master-SA-Cs1; Kyowa Interface
Science Co., Ltd., Japan). We utilized the pendant drop method and
processed the samples using Young—Laplace analysis. The static
contact, advancing and receding, and tilting angles were also measured
using the contact-angle meter. For static contact angle measurement,
the probe droplet volume was 10 pL. For the advancing and receding
contact angles, we utilized the volume-increasing/decreasing method.
The droplet volume variation rate was 1.2 uL/s, and the contact angle
images were obtained at 0.1 s intervals. For the tilting angle, the tilting
rate was 0.1°/s. The probe liquid was sprayed onto the substrate to
measure the sliding angle of a small-volume probe droplet on the
coated substrate. The droplet volume was estimated from the sliding-
angle images using the Image] software.

Structural Analysis. The particle surface structures were observed
using SEM (FE-SEM S-4800; Hitachi High-Technologies Co., Japan).
SEM images of the particle-coated glass substrate were obtained by
sputtering it with 0.3 nm of Pt. SEM images of the particle-coated
picoliter droplets were obtained without pretreatment. The electro-
static droplet motion was recorded using a digital camera (D5600,
Nikon Corporation, Japan) with a 105 mm focus lens (AF-S VR
Micro-Nikkor 105 mm f/2.8G, Nikon Corporation, Japan) and a
teleconverter lens (AF-S TELECONVERTER TC-20E III, Nikon
Corporation, Japan). Other photographs and microscopy images were
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obtained using a digital microscope (DSX-1000, EVIDENT (formerly
OLYMPUS) Corporation, Japan).

Particle Crystallinity Analysis. The crystalline phases were
examined by powder X-ray diffraction (XRD; RIGAKU MINIFLEX-
II) using Cu Ka radiation with Rietveld refinement using
SmartLabStudioll. X-ray data were collected in the range of 26 =
5—120° at 0.02° intervals at room temperature (~20 °C). We
obtained the XRD patterns of the fumed titania particles after heating
at 120 °C for 72 h using the same conditions as the particle
modification process.

Particle UV—Vis Light Absorbance Property. The sample was
prepared by coating sapphire substrate with a 4 wt % dispersion of the
particles in acetone by casting method. The absorbance of the sample
was measured using a spectrometer (BIM-6002, Brolight), an
integrated sphere (ISP-50—8-R-GT, Ocean Optics), and a UV—Vis
light source (110290, Hamamatsu Photonics K.K.), allowing for the
collection of both direct transmittance and forward scattering.

Surface Chemistry Analysis. The particle surface chemistry was
analyzed using the FT-IR attenuated total reflection spectrum
obtained from IRSpirit-L (Shimadzu Corp., Japan).

The UV-dependent particle wettability (Figure 4d) was quantified
by exposing the particle-coated glass substrate to UV light from the
underside of the substrate using a UV spotlight with a wavelength of
365 nm (DSL-365S, Daico Mfg Co., Ltd.,, Japan). The UV power
density was 86 yW/mm?, which was measured using a power meter
(S120VC, Thorlabs, Inc.) when the uncoated glass substrate passed
the light. The area of the UV spot was 27 mm?” The substrate was
exposed separately to UV light for 1—8 min. Subsequently, the
advancing and receding contact angles of the 1-(2-hydroxyethyl)-3-
methylimidazolium tetrafluoroborate in the exposed area were
measured. We also obtained an FT-IR spectrum (Figure 4c) and
SEM image (Figure S11) of the substrate after 30 min of UV exposure
and compared them with those of the substrate without UV exposure.
UV irradiation (wavelength: 365 nm) was applied under a digital
microscope (Figure 4b) using an LED (M365FP1, Thorlabs, Inc.).
UV irradiance was measured to be 2.74 mW/mm? For the wetting
transition and coalescence experiments (Figure 4e,f), the focused UV
irradiation was conducted using a 355 nm laser (LDH-P-FA-35S,
PicoQuant), and the optical images and movies were captured using a
custom-made optical microscope in bright-field mode. The spot size
of the UV was =~ 12 um.

Compression Stability. The compression stability of picoliter
droplets with a diameter of less than 250 ym was studied using
microtweezers (MTW-1E Micro Support Co., Ltd., Japan) under a
digital microscope. The compression rate was 11 & 2 pm/s, and the
adhesion of the droplet to the tweezers was used to judge the
breakage. Droplets larger than 250 ym were compressed by
sandwiching them between two glass substrates. The compression
rate for the larger droplets was 77 + 7 pm/s. The critical compression
pressure was estimated using Laplace’s equation P = 2ylcos 6l/x,
where x is the critical compression height at breakage. We assumed
that x < D and 6 ~ 180°.>°

ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.5¢14919.

Particle characterization (surface properties, XRD, UV—
Vis, FT-IR, SEM, UV effects); particle-coated droplet
properties (friction mechanics, formability, structure,
and size tunability); and comparisons of liquid-repellent
surfaces (PDF)

Volume-dependent sliding behavior of particle-coated
droplets on a glass substrate and uncoated droplets on a
particle-coated substrate (MP4)

Compression of a particle-coated picolitre droplet using
tweezers (MP4)

https://doi.org/10.1021/acsnano.5¢14919
ACS Nano 2025, 19, 39398—-39406


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c14919?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_004.mp4
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c14919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Piling behaviors of massive picolitre droplets on a glass
substrate and a water pool (MP4)

Picolitre droplet sliding on a water pool under airflow
(MP4)

Preprogrammed sliding of picolitre droplets on an oleic
acid patterned surface (MP4)

Self-propulsion of picolitre droplets under liquid PDMS
(MP4)

Magnetic transportation of picolitre droplets on a glass
substrate (MP4)

Electrostatic transportation and assembly of picolitre
droplets on a polystyrene substrate (MP4)
UV-triggered sticking transition of picolitre droplets
(MP4)

UV-triggered cascade coalescence of picolitre droplets
(MP4)

Mechanical splitting of a picolitre droplet into two
daughter droplets (MP4)

AUTHOR INFORMATION

Corresponding Author
Mizuki Tenjimbayashi — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Ibaraki 305-0044, Japan;
orcid.org/0000-0002-8107-8285;
Email: TENJIMBAYASHIMizuki@nims.go.jp

Authors
Shunto Arai — Research Center for Macromolecules and
Biomaterials, National Institute for Materials Science
(NIMS), Ibaraki 305-0044, Japan; ® orcid.org/0000-
0002-0055-3006
Hiroshi Mizoguchi — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Ibaraki 305-0044, Japan;
orcid.org/0000-0002-0992-7449
Satoshi Ishii — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Ibaraki 305-0044, Japan;
orcid.org/0000-0003-0731-8428

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.5¢14919

Author Contributions

M.T. conceived and designed the project. M.T. conducted data
curation with the help of S.A., H.M,, and S.I. S.A. prepared the
omniphobic patterned surface. H.M. conducted the XRD
measurements and analyzed the data. S.I. contributed the UV
irradiation setups. M.T. wrote the paper with input from all
authors.

Funding

This work was financially supported by JST FOREST
(JPMJFR223 V, JPMJFR2139), JST PRESTO
(JPMJPR23N1), JST CREST (JPMJCR24A2), and JSPS
KAKENHI (21H01643, 23K18567, 25K01517).

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We thank Dr. Gen Hayase for the FT-IR measurements, Dr.
Takeo Minari for allowing us to use the VUV exposure system,
and Tadaaki Nagao for allowing us to use the UV laser. We

appreciate Ms. Makiko Yabune for the experimental support.
We acknowledge the support from the World Premier
International Research Center Initiative (WPI), MEXT, Japan.

REFERENCES

(1) Xu, J; Xiu, S.; Lian, Z.; Yu, H.; Cao, J. Bioinspired Materials for
Droplet Manipulation: Principles, Methods and Applications. Droplet
2022, 1 (1), 11-37.

(2) Wang, X;; Zhuang, Z.; Li, X; Yao, X. Droplet Manipulation on
Bioinspired Slippery Surfaces: From Design Principle to Biomedical
Applications. Small Methods 2024, 8 (4), 2300253.

(3) Jiang, Y.; Choi, C. Droplet Retention on Superhydrophobic
Surfaces: A Critical Review. Adv. Mater. Interfaces 2021, 8 (1),
2001208S.

(4) Tenjimbayashi, M.; Manabe, K. A Review on Control of Droplet
Motion Based on Wettability Modulation: Principles, Design
Strategies, Recent Progress, and Applications. Sci. Technol. Adv.
Mater. 2022, 23 (1), 473—497.

(5) Huo, J; Gou, X; Zhang, J; Zhy, J; Chen, F. A Review of
Droplet/Bubble Transportation on Bionic Superwetting Surface.
Small 2025, 21 (15), 24012363.

(6) Shang, L.; Cheng, Y.; Zhao, Y. Emerging Droplet Microfluidics.
Chem. Rev. 2017, 117 (12), 7964—8040.

(7) Nan, L.; Zhang, H.; Weitz, D. A.; Shum, H. C. Development and
Future of Droplet Microfluidics. Lab Chip 2024, 24 (6), 1135—1153.

(8) Sohrabi, S.; Kassir, N.; Keshavarz Moraveji, M. Droplet
Microfluidics: Fundamentals and Its Advanced Applications. RSC
Adv. 2020, 10 (46), 27560—27574.

(9) Matula, K; Rivello, F.; Huck, W. T. S. Single-Cell Analysis Using
Droplet Microfluidics. Adv. Biosyst. 2020, 4 (3), 1900188.

(10) Taniguchi, T.; Torii, T.; Higuchi, T. Chemical Reactions in
Microdroplets by Electrostatic Manipulation of Droplets in Liquid
Media. Lab Chip 2002, 2 (1), 19-23.

(11) Bormashenko, E.; Balter, R; Aurbach, D. Use of Liquid
Marbles as Micro-Reactors. Int. J. Chem. React. Eng. 2011, 9 (1),
1956625.

(12) Sato, E; Yuri, M,; Fujii, S.;; Nishiyama, T.; Nakamura, Y.;
Horibe, H. Liquid Marbles as a Micro-Reactor for Efficient Radical
Alternating Copolymerization of Diene Monomer and Oxygen. Chem.
Commun. 2015, S1 (87), 17241—17244.

(13) Wixforth, A; Strobl, C; Gauer, C.; Toegl, A; Scriba, J; v
Guttenberg, Z. Acoustic Manipulation of Small Droplets. Anal.
Bioanal. Chem. 2004, 379 (7—8), 982—991.

(14) Danielson, C.; Pappas, G.; Phelps, L.; Melvin, A. T.; Park, K.
Static Microdroplet Array Generated by Spraying and Analyzed with
Automated Microscopy and Image Processing. Anal. Biochem. 2019,
587, No. 113452.

(15) Lee, S.; Kim, B; Kim, S. H.; Kim, E; Jang, J. H.
Superhydrophobic, Reversibly Elastic, Moldable, and Electrospun
(SupREME) Fibers with Multimodal Functions: From Oil Absorb-
ents to Local Drug Delivery Adjuvants. Adv. Funct. Mater. 2017, 27
(29), 1702310.

(16) Nakata, M.; Tanimura, N.; Koyama, D.; Krafft, M. P.
Adsorption and Desorption of a Phospholipid from Single Micro-
bubbles under Pulsed Ultrasound Irradiation for Ultrasound-
Triggered Drug Delivery. Langmuir 2019, 35 (30), 10007—10013.

(17) Chen, R; Sun, Z,; Chen, D. Droplet-Based Microfluidics for
Cell Encapsulation and Delivery. In Microfluidics for Pharmaceutical
Applications: From Nano/Micro Systems Fabrication to Controlled Drug
Delivery; Elsevier, 2018; pp. 307—335.

(18) Onda, T.; Shibuichi, S.; Satoh, N.; Tsujii, K. Super-Water-
Repellent Fractal Surfaces. Langmuir 1996, 12 (9), 2125—2127.

(19) Tuteja, A; Choi, W.; Ma, M; Mabry, J. M; Mazzella, S. A;
Rutledge, G. C.; McKinley, G. H.; Cohen, R. E. Designing
Superoleophobic Surfaces. Science 2007, 318 (5856), 1618—1622.

(20) Wong, T.-S.; Kang, S. H.; Tang, S. K. Y.; Smythe, E. J.; Hatton,
B. D.; Grinthal, A.; Aizenberg, J. Bioinspired Self-Repairing Slippery

https://doi.org/10.1021/acsnano.5¢14919
ACS Nano 2025, 19, 39398—-39406


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_006.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_007.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_008.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_009.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_010.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_011.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_012.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c14919/suppl_file/nn5c14919_si_013.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mizuki+Tenjimbayashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8107-8285
https://orcid.org/0000-0002-8107-8285
mailto:TENJIMBAYASHI.Mizuki@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunto+Arai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0055-3006
https://orcid.org/0000-0002-0055-3006
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroshi+Mizoguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0992-7449
https://orcid.org/0000-0002-0992-7449
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satoshi+Ishii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0731-8428
https://orcid.org/0000-0003-0731-8428
https://pubs.acs.org/doi/10.1021/acsnano.5c14919?ref=pdf
https://doi.org/10.1002/dro2.12
https://doi.org/10.1002/dro2.12
https://doi.org/10.1002/smtd.202300253
https://doi.org/10.1002/smtd.202300253
https://doi.org/10.1002/smtd.202300253
https://doi.org/10.1002/admi.202001205
https://doi.org/10.1002/admi.202001205
https://doi.org/10.1080/14686996.2022.2116293
https://doi.org/10.1080/14686996.2022.2116293
https://doi.org/10.1080/14686996.2022.2116293
https://doi.org/10.1002/smll.202412363
https://doi.org/10.1002/smll.202412363
https://doi.org/10.1021/acs.chemrev.6b00848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3LC00729D
https://doi.org/10.1039/D3LC00729D
https://doi.org/10.1039/D0RA04566G
https://doi.org/10.1039/D0RA04566G
https://doi.org/10.1002/adbi.201900188
https://doi.org/10.1002/adbi.201900188
https://doi.org/10.1039/B108739H
https://doi.org/10.1039/B108739H
https://doi.org/10.1039/B108739H
https://doi.org/10.1515/1542-6580.2373
https://doi.org/10.1515/1542-6580.2373
https://doi.org/10.1039/C5CC07421E
https://doi.org/10.1039/C5CC07421E
https://doi.org/10.1007/s00216-004-2693-z
https://doi.org/10.1016/j.ab.2019.113452
https://doi.org/10.1016/j.ab.2019.113452
https://doi.org/10.1002/adfm.201702310
https://doi.org/10.1002/adfm.201702310
https://doi.org/10.1002/adfm.201702310
https://doi.org/10.1021/acs.langmuir.8b03621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b03621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la950418o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la950418o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1148326
https://doi.org/10.1126/science.1148326
https://doi.org/10.1038/nature10447
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c14919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Surfaces with Pressure-Stable Omniphobicity. Nature 2011, 477
(7365), 443—447.

(21) Quér¢, D. Non-sticking Drops. Rep. Prog. Phys. 2005, 68 (11),
2495-2532.

(22) Wang, L.; McCarthy, T. J. Covalently Attached Liquids: Instant
Omniphobic Surfaces with Unprecedented Repellency. Angew. Chem.,,
Int. Ed. 2016, 5S (1), 244—248.

(23) Reyssat, M.; Yeomans, J. M.; Quéré, D. Impalement of Fakir
Drops. Europhys. Lett. 2008, 81 (2), 26006.

(24) Jiang, J; Zhang, H; He, W,; Li, T,; Li, H,; Liu, P,; Liu, M,;
Wang, Z.; Wang, Z.; Yao, X. Adhesion of Microdroplets on Water-
Repellent Surfaces toward the Prevention of Surface Fouling and
Pathogen Spreading by Respiratory Droplets. ACS Appl. Mater.
Interfaces 2017, 9 (8), 6599—6608.

(25) Chen, X.; Weibel, J. A,; Garimella, S. V. Water and Ethanol
Droplet Wetting Transition during Evaporation on Omniphobic
Surfaces. Sci. Rep. 2018, S (1), 17110.

(26) Shamim, J. A.; Takahashi, Y.; Goswami, A.; Shaukat, N.; Hsu,
W.-L.; Choi, J.; Daiguii, H. Suppression of Wetting Transition on
Evaporative Fakir Droplets by Using Slippery Superhydrophobic
Surfaces with Low Depinning Force. Sci. Rep. 2023, 13 (1), 2368.

(27) Ye, M.; Deng, X.; Ally, J.; Papadopoulos, P.; Schellenberger, F.;
Vollmer, D.; Kappl, M.; Butt, H.-J. Superamphiphobic Particles: How
Small Can We Go? Phys. Rev. Lett. 2014, 112 (1), No. 016101.

(28) Checco, A.; Guenoun, P.; Daillant, J. Nonlinear Dependence of
the Contact Angle of Nanodroplets on Contact Line Curvature. Phys.
Rev. Lett. 2003, 91 (18), No. 186101.

(29) Nakamura, S.; Kakiuchida, H.; Okada, M.; Hozumi, A.
Statically Very Hydrophilic but Dynamically Hydrophobic Surfaces
Showing Surprising Water Sliding Performance. Adv. Funct. Mater.
2024, 34 (9), 2310265.

(30) Beitollahpoor, M.; Farzam, M.; Pesika, N. S. Determination of
the Sliding Angle of Water Drops on Surfaces from Friction Force
Measurements. Langmuir 2022, 38 (7), 2132—2136.

(31) Khatir, B.; Shabanian, S.; Golovin, K. Design and High-
Resolution Characterization of Silicon Wafer-Like Omniphobic
Liquid Layers Applicable to Any Substrate. ACS Appl. Mater.
Interfaces 2020, 12 (28), 31933—31939.

(32) Jin, P.; Zhao, K.; Blin, Z.; Allais, M.; Mouterde, T.; Quéré, D.
When Marbles Challenge Pearls. J. Chem. Phys. 2023, 158 (20),
204709.

(33) Pan, S.; Guo, R.; Bjérnmalm, M.; Richardson, J. J.; Li, L.; Peng,
C.; Bertleff-Zieschang, N.; Xu, W,; Jiang, J; Caruso, F. Coatings
Super-Repellent to Ultralow Surface Tension Liquids. Nat. Mater.
2018, 17 (11), 1040—1047.

(34) Ding, Y,; Jia, L; Peng, Q.; Guo, ]J. Critical Sliding Angle of
Water Droplet on Parallel Hydrophobic Grooved Surface. Colloids
Surf. A Physicochem. Eng. Asp. 2020, 585, No. 124083.

(35) Lecointre, P.; Laney, S.; Michalska, M.; Li, T.; Tanguy, A;
Papakonstantinou, I; Quéré, D. Unique and Universal Dew-
Repellency of Nanocones. Nat. Commun. 2021, 12 (1), 3458.

(36) Park, K.-C.; Kim, P.; Grinthal, A.; He, N.; Fox, D.; Weaver, J.
C.; Aizenberg, ]J. Condensation on Slippery Asymmetric Bumps.
Nature 2016, 531 (7592), 78—82.

(37) Utoft, A,; Kinoshita, K; Bitterfield, D. L; Needham, D.
Manipulating Single Microdroplets of NaCl Solutions: Solvent
Dissolution, Microcrystallization, and Crystal Morphology. Langmuir
2018, 34 (11), 3626—3641.

(38) Jiang, J.; Gao, J.; Zhang, H.; He, W.; Zhang, J.; Daniel, D.; Yao,
X. Directional Pumping of Water and Oil Microdroplets on Slippery
Surface. Proc. Natl. Acad. Sci. U.S.A. 2019, 116 (6), 2482—2487.

(39) Wu, D.; Zhang, Z.; Zhang, Y.; Jiao, Y.; Jiang, S.; Wu, H; Li, C;
Zhang, C.; Li, J; Hu, Y,; Li, G.; Chu, ]J; Jiang, L. High-Performance
Unidirectional Manipulation of Microdroplets by Horizontal
Vibration on Femtosecond Laser-Induced Slant Microwall Arrays.
Adv. Mater. 2020, 32 (45), 2005039.

(40) Gao, Z; Yan, J,; Shi, L.; Liu, X; Wang, M,; Li, C;; Huai, Z.;
Wang, C.; Wang, X.; Zhang, L.; Yan, W. Efficient Surfactant-Mediated
Photovoltaic Manipulation of fL-Scale Aqueous Microdroplets for

Diverse Optofluidic Applications on LiNbO; Platform. Adv. Mater.
2023, 35 (24), 2304081.

(41) Ju, J; Zheng, Y.; Jiang, L. Bioinspired One-Dimensional
Materials for Directional Liquid Transport. Acc. Chem. Res. 2014, 47
(8), 2342—2352.

(42) Leidenfrost, J. G. On the Fixation of Water in Diverse Fire. Int.
J. Heat Mass Transfer 1966, 9 (11), 1153—1166.

(43) Ha, M.-T.; Pham, T.-A,; Le, T.-D,; Nguyen, T.-A.; Nguyen, T.-
D.; Nguyen, H.-P. T.; Le, Q.-V.; Bach, L.-T. Leidenfrost Motion of
Water Microdroplets on Surface Substrate: Epitaxy of Gallium Oxide
via Mist Chemical Vapor Deposition. Adv. Mater. Interfaces 2021, 8
(6), No. 2001895.

(44) Liy, C.; Lv, C.; Chen, S.; Zhang, Y.; Huang, X.; Wang, Z.; Wei,
D. Directional Drop Transport Achieved on High-Temperature
Anisotropic Wetting Surfaces. Adv. Mater. 2014, 26 (35), 6086—6091.

(4S) Aussillous, P.; Quéré, D. Liquid Marbles. Nature 2001, 411
(6840), 924—927.

(46) Aussillous, P.; Quéré, D. Properties of Liquid Marbles. Proc. R.
Soc. A 2006, 462 (2067), 973—999.

(47) Tenjimbayashi, M.; Mouterde, T.; Roy, P. K; Uto, K. Liquid
Marbles: Review of Recent Progress in Physical Properties, Formation
Techniques, and Lab-in-a-Marble Applications in Biomedical Fields.
Nanoscale 2023, 15, 18980——18998.

(48) McHale, G.; Newton, M. L. Liquid Marbles: Principles and
Applications. Soft Matter 2011, 7 (12), 5473—5481.

(49) Lekshmi, B. S.; Varanakkottu, S. N. Droplet-Impact Driven
Formation of Ultralow Volume Liquid Marbles with Enhanced
Mechanical Stability and Sensing Ability. Langmuir 2022, 38 (38),
11743—-11752.

(50) Tenjimbayashi, M,; Yamamoto, S.; Uto, K. Drycells: Cell-
Suspension Micro Liquid Marbles for Single-Cell Picking. Adv. Mater.
2023, 35 (24), 2300486.

(51) Ducker, W. A, Senden, T. J; Pashley, R. M. Direct
Measurement of Colloidal Forces Using an Atomic Force Microscope.
Nature 1991, 353 (6341), 239—241.

(52) Binks, B. P.; Murakami, R. Phase Inversion of Particle-
Stabilized Materials from Foams to Dry Water. Nat. Mater. 2006, S
(11), 865—869.

(53) Lafuma, A.; Quéré, D. Superhydrophobic States. Nat. Mater.
2003, 2 (7), 457—460.

(54) Guo, Z; Zhang, L; Monga, D.; Stone, H. A; Dai, X.
Hydrophilic Slippery Surface Enabled Coarsening Effect for Rapid
Water Harvesting. Cell Rep. Phys. Sci. 2021, 2 (3), No. 100387.

(55) Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima,
E,; Kitamura, A.,; Shimohigoshi, M.; Watanabe, T. Light-Induced
Amphiphilic Surfaces. Nature 1997, 388 (6641), 431—432.

(56) Lai, Y.; Huang, J.; Cui, Z.; Ge, M.; Zhang, K.-Q.; Chen, Z.; Chi,
L. Recent Advances in TiO,-Based Nanostructured Surfaces with
Controllable Wettability and Adhesion. Small 2016, 12 (16), 2203—
2224.

(57) Jeon, H.; Park, K; Sun, J. Y.; Kim, H. Y. Particle-Armored
Liquid Robots. Sci. Adv. 2025, 11 (12), No. eadt5888.

(58) Tong, T.; Hu, H; Xie, Y; Jin, J. Advancements in Liquid
Marbles as an Open Microfluidic Platform: Rapid Formation, Robust
Manipulation, and Revolutionary Applications. Droplet 2025, 4 (2),
No. el60.

(59) Mishra, C.; Sarkar, D.; Barman, N.; Kumar, S.; Tenjimbayashi,
M.; Manna, U. Modulating Coalescence Timing of Liquid Marbles via
Wettability Adaptation. Adv. Mater. 2025, 37, 2420342.

(60) Jiang, W,; Guan, X,; Liu, W,; Li, Y.; Jiang, H.; Ngai, T. Rotating
Liquid Marble Microreactors for Enhanced Enzymatic Reactions. Adv.
Funct. Mater. 2025, 35, No. 2504193.

(61) Yamada, T.; Fukuhara, K; Matsuoka, K; Minemawari, H.;
Tsutsumi, J.; Fukuda, N.; Aoshima, K.; Arai, S.; Makita, Y.; Kubo, H;
Enomoto, T.; Togashi, T.; Kurihara, M.; Hasegawa, T. Nanoparticle
Chemisorption Printing Technique for Conductive Silver Patterning
with Submicron Resolution. Nat. Commun. 2016, 7, 11402.

https://doi.org/10.1021/acsnano.5¢14919
ACS Nano 2025, 19, 39398—-39406


https://doi.org/10.1038/nature10447
https://doi.org/10.1088/0034-4885/68/11/R01
https://doi.org/10.1002/anie.201509385
https://doi.org/10.1002/anie.201509385
https://doi.org/10.1209/0295-5075/81/26006
https://doi.org/10.1209/0295-5075/81/26006
https://doi.org/10.1021/acsami.6b15213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep17110
https://doi.org/10.1038/srep17110
https://doi.org/10.1038/srep17110
https://doi.org/10.1038/s41598-023-29163-1
https://doi.org/10.1038/s41598-023-29163-1
https://doi.org/10.1038/s41598-023-29163-1
https://doi.org/10.1103/PhysRevLett.112.016101
https://doi.org/10.1103/PhysRevLett.112.016101
https://doi.org/10.1103/PhysRevLett.91.186101
https://doi.org/10.1103/PhysRevLett.91.186101
https://doi.org/10.1002/adfm.202310265
https://doi.org/10.1002/adfm.202310265
https://doi.org/10.1021/acs.langmuir.1c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c03206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0150082
https://doi.org/10.1038/s41563-018-0178-2
https://doi.org/10.1038/s41563-018-0178-2
https://doi.org/10.1016/j.colsurfa.2019.124083
https://doi.org/10.1016/j.colsurfa.2019.124083
https://doi.org/10.1038/s41467-021-23708-6
https://doi.org/10.1038/s41467-021-23708-6
https://doi.org/10.1038/nature16956
https://doi.org/10.1021/acs.langmuir.7b03977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.7b03977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1817172116
https://doi.org/10.1073/pnas.1817172116
https://doi.org/10.1002/adma.202005039
https://doi.org/10.1002/adma.202005039
https://doi.org/10.1002/adma.202005039
https://doi.org/10.1002/adma.202304081
https://doi.org/10.1002/adma.202304081
https://doi.org/10.1002/adma.202304081
https://doi.org/10.1021/ar5000693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5000693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0017-9310(66)90111-6
https://doi.org/10.1002/admi.202001895
https://doi.org/10.1002/admi.202001895
https://doi.org/10.1002/admi.202001895
https://doi.org/10.1002/adma.201401985
https://doi.org/10.1002/adma.201401985
https://doi.org/10.1038/35082026
https://doi.org/10.1098/rspa.2005.1581
https://doi.org/10.1039/D3NR04966C
https://doi.org/10.1039/D3NR04966C
https://doi.org/10.1039/D3NR04966C
https://doi.org/10.1039/c1sm05066d
https://doi.org/10.1039/c1sm05066d
https://doi.org/10.1021/acs.langmuir.2c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202300486
https://doi.org/10.1002/adma.202300486
https://doi.org/10.1038/353239a0
https://doi.org/10.1038/353239a0
https://doi.org/10.1038/nmat1757
https://doi.org/10.1038/nmat1757
https://doi.org/10.1038/nmat924
https://doi.org/10.1016/j.xcrp.2021.100387
https://doi.org/10.1016/j.xcrp.2021.100387
https://doi.org/10.1038/41233
https://doi.org/10.1038/41233
https://doi.org/10.1002/smll.201501837
https://doi.org/10.1002/smll.201501837
https://doi.org/10.1126/sciadv.adt5888
https://doi.org/10.1126/sciadv.adt5888
https://doi.org/10.1002/dro2.160
https://doi.org/10.1002/dro2.160
https://doi.org/10.1002/dro2.160
https://doi.org/10.1002/adma.202420342
https://doi.org/10.1002/adma.202420342
https://doi.org/10.1002/adfm.202504193
https://doi.org/10.1002/adfm.202504193
https://doi.org/10.1038/ncomms11402
https://doi.org/10.1038/ncomms11402
https://doi.org/10.1038/ncomms11402
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c14919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

