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Superhydrophobic Surface-Assisted Preparation
of Microspheres and Supraparticles and Their
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e An overview of the superhydrophobic surface -assisted strategies for fabricating microspheres and supraparticles are presented.

® The applications of microspheres and supraparticles fabricated using SHS-assisted strategies are discussed in detail.

e NCrucial challenges facing the development of microspheres and supraparticles fabricated through SHS-assisted strategies are analysed.

ABSTRACT Superhydrophobic surface (SHS) has been well developed, as SHS renders the
property of minimizing the water/solid contact interface. Water droplets deposited onto SHS
with contact angles exceeding 150°, allow them to retain spherical shapes, and the low adhe-
sion of SHS facilitates easy droplet collection when tilting the substrate. These characteristics
make SHS suitable for a wide range of applications. One particularly promising application is
the fabrication of microsphere and supraparticle materials. SHS offers a distinct advantage as
a universal platform capable of providing customized services for a variety of microspheres
and supraparticles. In this review, an overview of the strategies for fabricating microspheres
and supraparticles with the aid of SHS, including cross-linking process, polymer melting,
and droplet template evaporation methods, is first presented. Then, the applications of micro-
spheres and supraparticles formed onto SHS are discussed in detail, for example, fabricating
photonic devices with controllable structures and tunable structural colors, acting as catalysts

with emerging or synergetic properties, being integrated into the biomedical field to construct
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the devices with different medicinal purposes, being utilized for inducing protein crystallization and detecting trace amounts of analytes. Finally,

the perspective on future developments involved with this research field is given, along with some obstacles and opportunities.
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1 Introduction

Wettability, typically defined as the tendency of a liquid to
spread out on a solid, has been one of the most important
characteristics of a solid surface. The superhydrophobic
surface (SHS) represents a specific solid surface on which
a droplet of water shows a contact angle greater than 150°,
thus manifesting excellent water repellency. It is found that
biological surfaces, such as those of certain plants and ani-
mals, exhibit excellent superhydrophobic capabilities due to
their suitable morphologies and specific surface chemistry
properties [1-3]. Inspired by nature, superhydrophobicity
has been successfully mimicked through a rational design of
surface roughness and proper regulation of surface energy
[4-6]. The extensive design and fabrication of artificial
SHS have driven the potential development in many fields,
such as self-cleaning [5, 7-9], anti-fogging [10-14], anti-
icing [15-19], oil/water separation [20-23], water collec-
tion [24-27], liquid transportation [28-34], anti-corrosion
[35-41] and anti-fouling [42—47].

SHS with low adhesion is one of the most common types
of SHS [29, 48-50]. It has a large contact angle (more than
150°), as well as a low sliding angle (less than 10°) [S1-53].
The water drop standing on this surface acts like a sphere and
it can easily roll off from the surface, allowing the droplet
to be well collected [54—56]. Based on this phenomenon, a
range of functional materials, particularly microspheres and
supraparticles, have been successfully fabricated. Micro-
spheres refer to individual tiny spherical particles, with
typical diameters in the micrometer range was 1-1,000 pm
[57-59]. Supraparticle is a term to describe a type of three-
dimensional macroscopic structure formed by dispersed
nano- or microparticles through self-assembly, typically
ranging in size from a few 10 pm to several 100 pm [60, 61].
The microspheres are typically obtained on low-adhesion
SHS through cross-linking curing reactions [62, 63], poly-
mer melting method [64] and droplet template evaporation
strategy [65, 66]. Supraparticles are formed by evaporating
droplet templates on SHS [67]. These SHS-assisted fabri-
cation strategies offer several advantages, including mate-
rial saving, reduced organic pollution, and high throughput
production, aligning with the principles of environmental
protection, cost-effectiveness, and energy efficiency [63,
68]. Moreover, through these strategies, microspheres and
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supraparticles with controllable morphologies, customizable
structures and tunable properties can be easily acquired by
adjusting the formula and properties of droplets. These tech-
nical superiorities make SHS popular for fabricating supra-
particles and microspheres. It is worth mentioning that the
superamphiphobic surface (SAS), serving as a special type of
SHS, showcases a unique combination of essential character-
istics. In addition to possessing the requisite surface rough-
ness and low surface energy characteristic of SHS, SAS also
boasts specific topographical features, including overhangs,
reentrant geometries, or convex curvatures [69]. This unique
configuration imparts remarkable repellent properties, not
only against aqueous substances but also towards oily liquids
such as hexadecane, ethylene glycol, and tetradecane. This
versatility enables SAS to be utilized in the fabrication of
microspheres and supraparticles from various liquid droplets,
extending beyond the confinement of water droplets.

In this review, a comprehensive summary of the fabri-
cation strategies assisted by SHS is provided first. These
strategies can be broadly classified into three distinct catego-
ries: cross-linking curing, polymer melting, and droplet tem-
plate evaporation methods. Each category will be discussed
in detail. Especially, in the droplet template evaporation
method, the factors that regulate the morphologies, struc-
tures, and properties of supraparticles will be introduced in
detail. Subsequently, the devices consisting of microspheres
and supraparticles are summarized according to their appli-
cations in colloidal photonic crystals, catalysts, biological
medicine, protein crystallization, and trace analyte detection.
Finally, the development prospects and remaining challenges
of this research field are presented.

2 SHS-Assisted Fabrication Strategies
for Versatile Microspheres
and Supraparticles

The fabrications of microspheres and supraparticles take
advantage of the high liquid repellency and low adhesion
of SHS. These SHS-assisted fabrication strategies can be
divided into three categories, including cross-linking cur-
ing method, polymer melting process, and droplet template
evaporation strategy. It is worth mentioning that only liquid
droplets with the appropriate properties and suitable size
ranges can remain spherical on SHS [70, 71].

https://doi.org/10.1007/s40820-023-01284-2



Nano-Micro Lett. (2024) 16:68

Page30f29 68

2.1 Cross-linking Curing Strategy

SHS-assisted fabrication strategies for preparing the micro-
spheres rely on three types of reactions. One is a cross-
linking or polymerization reaction. When the liquid drop-
lets containing polymerizable monomers or cross-linkable
polymers are placed onto SHS, the liquid droplets acquire
spherical shapes. With the aid of mild conditions (e.g.,
UV-irradiation [64], target ions addition [72], pH change
[73] and temperature modulation [74]), the monomers or
polymers appear in-situ polymerization or cross-linking
reaction, which causes the hardening of these spherical
droplets, thus forming solid or hydrogel microspheres onto
SHS [62-65, 72—76]. Due to the low adhesion of SHS [77],
the resulting microspheres can be easily collected by tilting
the SHS. For instance, Hans-Jiirgen Butt’s group used an
in-situ cross-linking method initiated by UV light to obtain
polymer microspheres [64]. In this approach, the droplet
composed of glycerolate dimethacrylate and tri(ethylene
glycol) dimethacrylate, along with a photo-initiator, was
deposited on SAS and formed a spherical shape. After UV
light irradiation, the methacrylate in the droplet under-
went radical polymerization, resulting in the hardening of
the droplet and the formation of the polymer microsphere
(Fig. 1a). To avoid deformation of the droplet during the
polymerization process, the group designed a bowl-shaped
SAS and continuously moved the surface to keep the drop-
lets in a rolling motion state.

Apart from the polymer microspheres mentioned above,
the SHS-assisted cross-linking strategy can also be uti-
lized to fabricate various hydrogel microspheres [62, 63,
74, 76]. For instance, by dispensing droplets of alginate
(ALG) solution on SHS and subsequently adding Ca*" to
the system, spherical ALG hydrogel microspheres can be
formed on SHS due to the Ca**-induced cross-linking of
ALG (Fig. 1b) [65, 78, 79]. By repeating freezing and melt-
ing operations, Polyvinyl alcohol (PVA) hydrogel micro-
spheres can be formed onto SHS due to the formation of
physical cross-linking networks (Fig. 1b) [65, 80, 81]. By
adjusting the pH value of the solution or adding polyvalent
anions, spherical droplets of chitosan solution formed onto
SHS can transform into hydrated microspheres, as these
conditions cause cross-linking between chitosan molecules
[73, 82].

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Moreover, microspheres with specific functions and struc-
tures can also be easily achieved via this method. By intro-
ducing magnetic Fe;O, particles into a hydrogel precursor
solution and dispersing the droplets of the combined solu-
tion onto the SHS, followed by a subsequent cross-linking
process, the hydrogel microspheres rapidly exhibited mag-
netic responsiveness [65]. By incorporating CdTe quantum
dots into the precursor solution, the produced microspheres
via a SHS-assisted cross-linking strategy can obtain fluo-
rescent properties [65]. Moreover, by incorporating inor-
ganic Al,Oj; particles into the organic PVA precursor solu-
tion to form an Al,O3-PVA composite microgels onto SAS
and then using organic phase as sacrificial templates, a pure
inorganic Al,O; microsphere with hierarchical porous struc-
ture was obtained (Fig. 1¢c) [83, 84]. Furthermore, relying
on sequential polymerization or cross-linking process, the
multi-compartmental microspheres, such as core—shell struc-
ture, multi-layer structure and multi-core structure, can be
realized onto a SAS (Fig. 1d) [72, 85, 86].

2.2 Polymer Melting Method

The polymer melting method is an additional strategy for
preparing microspheres, wherein polymer powders are
heated above the polymer melting temperature on SHS or
SAS and then cooled using natural air. Due to the high lig-
uid repellency of SHS or SAS, these polymer melts form
spherical droplets on these surfaces during the heating pro-
cess. Upon cooling, the melts undergo a phase transition and
solidify into polymer microspheres (Fig. 2a) [87]. Recently,
with the help of this SHS-assisted polymer melting strat-
egy, a variety of microspheres have been easily fabricated
by simply replacing the powder composition (Fig. 2b) [64].

Additionally, by incorporating different polymer types
or adding functional substances, functional microspheres
such as Janus microspheres and magnetic microspheres
can be synthesized [64]. It should be noted that the for-
mation of Janus microspheres composed of two com-
ponents is also closely related to annealing conditions,
as the annealing process significantly affects the degree
of phase separation. As reported by Hans-Jiirgen Butt’s
group, the polystyrene (PS)/poly(methyl methacrylate)
(PMMA) Janus microspheres were formed onto SAS at

@ Springer
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Fig. 1 Microsphere fabricated by SHS-assisted cross-linking or polymerization strategy. a Polymer microsphere obtained onto the SAS via UV-
induced radical polymerization reaction. Reproduced with permission from Ref. [64]. Copyright 2013, Wiley—VCH. b PVA and ALG hydrogel
microsphere formed via a cross-linking reaction. Reproduced with permission from Ref. [65]. Copyright 2021, Wiley—VCH. ¢ Porous Al,O4
microspheres obtained onto SAS via a UV-induced cross-linking reaction. Reproduced with permission from Ref. [83]. Copyright 2021, Else-
vier. d Multi-compartmental microsphere fabricated onto SHS via sequential polymerization or cross-linking process. Reproduced with permis-
sion from Ref. [85]. Copyright 2014, Wiley—VCH

an annealing condition of 160 °C for 10 min. With the = when the annealing condition was set to 110 °C for 60 min,

increase of annealing time (160 °C for 100 min), PS was  a uniform PS-PMMA microsphere was formed onto SAS
completely embedded PMMA microsphere. Furthermore, ~ without phase separation. Generally, this polymer melting

© The authors https://doi.org/10.1007/s40820-023-01284-2
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Fig. 2 Microspheres fabricated by SHS-assisted polymer melting process. a Polymer melts onto a non-wetting surface and a wetting surface
captured by a high-speed camera, where they only form ball shapes onto the non-wetting surface. Reproduced with permission from Ref. [87].
Copyright 2018, Elsevier. b Magnetic and Janus microspheres obtained onto SAS by heating the polymer powder to a visco-elastic state and
then cooling it. Reproduced with permission from Ref. [64]. Copyright 2013, Wiley—VCH. ¢ Schematic illustration of large quantities of uni-
form microspheres produced onto SAS using microfiber processing via a polymer melting strategy. Reproduced with permission from Ref. [88].

Copyright 2020, Springer

strategy offers a flexible approach for synthesizing one-
component or multi-component microspheres. However,
there is a great challenge in the synthesis of continuously
tunable and uniform microspheres. To overcome this
limitation, the concept of utilizing in-fiber fluid instabil-
ity has been proposed to achieve scalable microparticles
[88]. In this approach, an ordered microfiber array was
first formed on SAS at room temperature, and then each
microfiber broke up into uniformly sized spherical droplets
when annealed above the viscous flow temperature. After
cooling, these spherical droplets solidified into polymer
microspheres (Fig. 2c¢).
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2.3 Droplet Template Evaporation Strategy

2.3.1 Droplet Template Evaporation Strategy
Jor Constructing Microspheres

Several microspheres have been produced using the SHS-
assisted droplet template evaporation strategy [65, 66, 89].
In this manner, the target substance is initially dissolved in a
solvent to form a homogeneous solution, and then the drop-
lets of the solution are deposited onto SHS. The interfacial
tension induces the droplet to be shaped into a spherical
morphology. As the solvent evaporates, the three-phase

@ Springer
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contact line (TPCL) of the droplet slides freely over the SHS
at a constant receding contact angle, resulting in decreasing
droplet size and unchanged droplet shape, ultimately form-
ing a hardened microsphere. For example, Poly(D, L-lactide-
co-glycolide) (PLGA) microspheres have been successfully
fabricated by placing drops of dioxane solutions containing
PLGA onto SAS and allowing the solvents to evaporate [66].
This developed polymer- and solvent-independent approach
allows a variety of microspheres to be formed onto SHS
or SAS. Additionally, by employing a specialized setup
that allows simultaneous feeding of multiple raw mate-
rial solutions, microspheres with unique structures can be
prepared. For example, Deng’s group utilized a microflu-
idic spinning instrument with a coaxial needle to print two
raw material solutions onto SHS, generating the solution
columns [65]. Due to the Plateau-Rayleigh instability of a
liquid jet [90-92] and the high liquid repellency of SHS
[93-95], these solution columns broke up into uniformly
spherical droplets at ambient temperature. After the solvents
in the inner core and outer cladding structure evaporated,
core—shell microspheres were obtained [65]. The introduc-
tion of this device enables the high-throughput production
of various core—shell microspheres.

Notably, in the SHS-assisted droplet template evapora-
tion strategy, some materials may not form spheres, as the
drops are pinned and thus cannot move freely during the
evaporation process. In this review, these materials are clas-
sified as microsphere-like materials because their formation
process resembles that of microspheres. Yang and colleagues
reported the formation of a prismatic-shaped crystalline
material on a protein-based SHS (Fig. 3a) [96]. In this case,
the droplets of protein buffer were deposited on the SHS in
the form of balls. As the water content continuously evapo-
rated, the droplets were pinned on SHS. The pinning effect
caused a stable contact diameter (Dc) during evaporation,
while the projection diameter (Dp), droplet height (Dh), and
contact angle all decreased over time (the inset in Fig. 3a)
[96]. The pinning state observed in droplets can be attributed
to two factors. One is protein buffer has a lower surface ten-
sion than water [96]. Another is the protein-based SHS pos-
sesses inherent multiple polar residues that may enhance the
adhesion between SHS and droplets [96, 97]. This pinning
phenomenon leads to the formation of a prismatic shape,
instead of a spherical shape [96, 97]. Additionally, shape-
less materials can also be formed using this strategy. When
a droplet extracted from a diluted solution was deposited

© The authors

on an abiotic SHS, it initially followed the Cassie model
and moved freely over the SHS during the evaporation pro-
cess. Subsequently, an irreversible transition from the Cassie
to Wenzel state occurred, resulting in the collapse of the
droplet’s center and the formation of shapeless materials
(Fig. 3b) [98].

In general, the appearance of various forms can be attrib-
uted to the difference in the dynamic TPCL behavior of
spherical droplets during evaporation. The formation of
ideal spheres is attributed to the uniform and continuous
recession of TPCL throughout the entire evaporation pro-
cess. The reason for the formation of prismatic microsphere-
like materials is that the TPCL begins to pin at the initial
evaporation stage and remains pinned until the completion
of evaporation (the inset in Fig. 3a, framed by a red rec-
tangle) [96]. During the evaporation process, if the TPCL
recedes uniformly and continuously, and suddenly occurs a
transition from a depinning to pinning state, the shapeless
microsphere-like materials will be generated onto SHS (the
inset in Fig. 3b) [98]. Furthermore, the cause of pinning is
that the evaporation-induced driving force cannot overcome
the static friction between the liquid droplets and the surface,
while the reason for de-pinning is the opposite. The magni-
tude of static friction mainly depended on the surface type
and liquid droplet properties. Consequently, the shapes of
microspheres can be directly tailored by utilizing different
surface types [99-101] and employing liquid droplets with
varying properties.

2.3.2 Droplet Template Evaporation Strategy
Jor Constructing Supraparticles

The SHS-assisted droplet template evaporation strategy has
also emerged as a popular technique for supraparticle fabri-
cation. In this approach, suspended droplets on SHS serve
as templates, with each nanoparticle (NP) or microparticle
approaching during the evaporation process, resulting in
the self-assembly of the particles, causing a formation of
supraparticles (Fig. 4a-c). This method is well-suited for the
fabrication of supraparticle materials with controllable size,
customizable morphology (Fig. 4a-c), tunable structure, and
tailored performance, which will be described in detail below.

2.3.2.1 Fabricating Supraparticles with Controllable
Sizes The size of the supraparticles primarily depends on

https://doi.org/10.1007/s40820-023-01284-2
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Fig. 3 Microsphere-like materials defined in the review showing various shapes fabricated by SHS-assisted droplet template evaporation strat-
egy. a Schematic illustration of the formation of prismatic-shaped crystalline materials on a protein-based SHS, where the inset in a red solid
frame describes the morphologic change of the droplet onto the SHS during the evaporation process. Reproduced with permission from Ref.
[96]. Copyright 2018, Wiley—VCH. b Schematic illustration to describe the formation of shapeless microsphere materials via a droplet evapora-
tion process onto SHS, where the spherical droplet first follows a Cassie model and subsequently undergoes an irreversible transition to a pin-
ning state, resulting in the concentration of solutes into an ultra-small region. The inset in the red dotted box shows SEM images of concentrated

solute under different magnifications. Reproduced with permission from Ref. [98]. Copyright 2012, American Chemical Society

the volume of the original droplets and the concentration of
NPs within them [67]. By manipulating these two factors, it
is possible to generate supraparticles with diameters ranging
from a few microns to sub-millimeters [67, 102, 105-107].
The upper boundary of size is dictated by gravitational forces,
which, in the case of drops exceeding the capillary length,
will result in drop flattening. Conversely, the fundamental
lower constraint depends on the inter-protrusion spacing of
rough SHS, since particles smaller than this spacing are capa-
ble of permeating SHS and causing it to be wet [64].

2.3.2.2 Constructing Supraparticles with Diverse Mor-
phologies The morphology of supraparticles is mainly
governed by the initial morphology of droplets and the
dynamic behavior of the TPCL) during the evaporation

o)
SHANGHALI JIAO TONG UNIVERSITY PRESS
P/

&

process [68]. These two factors, in turn, typically depend
on the surface utilized and the characteristics of the NP
suspension. Employing appropriately designed surfaces is
one of the methods to achieve diverse supraparticle mor-
phologies [99-101], but this study focuses solely on low-
adhesion SHS. When a droplet of NP suspension is depos-
ited on SHS, it initially maintains a spherical shape with a
contact angle of more than 150°. Consequently, the motion
behavior of TPCL is regarded as the crucial factor in deter-
mining the morphologies of supraparticles. In general, the
TPCL freely moves over the SHS during evaporation, form-
ing a spherical supraparticle (Fig. 5a) [67, 102, 105-107].
Substituting NPs with different types of colloids, such as
nano-cubes, nano-plates, and nano-sheets, has no effect on
supraparticle morphology [108].

@ Springer
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Numerous approaches have been reported to regulate
the dynamic behavior of TPCL for the purpose of mor-
phology manipulation, which can be broadly categorized
into two main categories. One approach involves altering
the properties of NP suspensions, while the other involves
introducing magnetic components into suspensions and
applying an external magnetic field. For example, when
adjusting the concentration of the original NP suspension
to a low critical value, the TPCL remains continuously
receding at the beginning, leading to a reduction in droplet
size. With the further extension of evaporation time, the
NPs become confined in the vicinity of the TPCL, result-
ing in TPCL pinning. In the final phase of evaporation,
there is a notable decrease in the height of the droplet in
relation to the meridian radius, causing a curvature at the
center. This phenomenon becomes more pronounced as the
concentration decreases (Fig. 5b) [109]. Therefore, as the
concentration continuously decreases below the threshold,
the in-folded or concave sphere [103, 109] » doughnut-like
[103, 110], or even coffee ring [103, 111] shaped suprapar-
ticles can be realized successively. By introducing sucrose
into a colloidal dispersion with varying concentration, the
supraparticle morphology can be further altered, resulting

© The authors

in a series of new forms on SHS, such as a three-quarter
sphere with a dimpled bottom, a three-quarter sphere with
a flat bottom, a bagel shape with a dimpled bottom, and a
pizza shape with a dimpled bottom [112]. The emergence
of these morphologies is due to sucrose acting as a shape-
preservative during evaporation. Additionally, by utiliz-
ing suspensions containing NPs with specific forms and
properties, such as CdSe/CdS nanorod suspension or 26
vol% alumina powder suspension, a hollow dome-shaped
structure, also known as an inverted bowl shape, were suc-
cessfully fabricated onto SHS [113, 114]. The formation
of a hollow dome-shape can be attributed to the fact that
the TPCL of the drop gets pinned and increased solute
concentration induces a residue solidification, while the air
pockets below the droplet remain throughout the evapora-
tion process.

By adjusting both the concentration of superparamag-
netic NPs in the suspension and the intensity of the applied
magnetic field, various supraparticle morphologies such as
barrel-like, cone-like, and two-tower-like structures were
achieved on the SHS (Fig. 5c) [104].

Furthermore, anisometric-shaped supraparticles can
also be produced by modifying the specific properties of

https://doi.org/10.1007/s40820-023-01284-2
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the original NP solution, such as ion strength [115-117],
NP density [108], NP mono-dispersity [102, 108], and even
adding volatile solvent composition [118]. For example,
anisometric boat-like and ellipsoidal supraparticles can
be obtained by adding salt (e.g., NaCl) beyond a threshold
into fumed silica NP suspensions and subsequently drying
the suspension droplets on a flat or curved V-shaped SHS
(Fig. 5d) [115-117].

In summary, the dynamic behaviors of the TPCL during
the evaporation process have the following effects on droplet
morphology: continuous and homogeneous receding of the
TPCL promotes the formation of spherical or nearly spheri-
cal supraparticles, while the pinning of the TPCL during
evaporation tends to result in symmetrical non-spherical
structures. Asymmetric receding of the TPCL, with pinning

SHANGHAI JIAO TONG UNIVERSITY PRESS

in one direction and homogeneous receding in the perpen-
dicular direction, facilitates the formation of anisotropic-
shaped supraparticles [119].

2.3.2.3 Creating Supraparticles with Various Struc-
tures Supraparticles with diverse structures can be obtained
by SHS-assisted droplet template evaporation strategy. All
supraparticles show mesoporous structures since they are
formed by an aggregation of NPs [67, 120-122]. By the uti-
lization of bi-disperse colloidal suspensions, a segregation
phenomenon of the small and large colloids occurs, forming
a novel hierarchical mesoporous structure (Fig. 6a) [123].
The cause of the segregation is that the evaporation pro-
cess results in a local increase in colloid concentration near
the membrane-air interface, which in turn translates into a
potential chemical gradient for the two colloids [123]. The
generation of core—shell structured supraparticles can gen-
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erally be achieved through two paths. One involves sequen-
tially drying two types of colloidal dispersions onto SHS
[67]. In this method, a shell is formed by adding one type
of dispersion droplet onto an existing supraparticle result-
ing from the other dispersion and then evaporating it. An
alternative is to directly produce core—shell structured drop-
lets onto SHS using a three-phase microfluidic device with
two inner cylindrical needles, followed by solvent evapora-

© The authors

tion on the SHS (Fig. 6b) [107]. In this case, the formation
of a core—shell structure takes advantage of the matching
surface tension and viscosity between the two immisci-
ble colloidal suspensions. Supraparticles endowed Janus
structure can also be realized by means of this microfluidic
device, in which one of the inner steel needles is injected
with an aqueous suspension containing one type of NPs and
surfactant, while the other is injected with an organic sus-

https://doi.org/10.1007/s40820-023-01284-2
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pension comprising another type of NPs [107]. When the
continuous oil phase in the device breaks the inner solu-
tions composed of the two kinds of suspensions at the tip of
the pair of needles, uniform Janus droplets can be acquired
(Fig. 6b). After evaporating the solvent of the droplets onto
SHS, the Janus structures are successfully constructed.
Moreover, a special Janus core—shell structured suprapar-
ticle has also been reported [108]. The structures are pro-
duced by drying liquid droplets containing spherical silica
NPs, coffin-shaped zeolite, and TiO, NP aggregations onto
SHS (Fig. 6¢) [108]. Due to the differences in density and
morphology of the NPs, the resulting supraparticle shell is
entirely composed of spherical NPs, while the supraparticle
core exhibits a spherical Janus structure. The top half of the
supraparticle core consists of coffin-shaped zeolite, while
the rest is made up of TiO, NP aggregations (Fig. 6¢). Fur-
thermore, by introducing superparamagnetic NPs into a col-
loid suspension, interesting patch structures can be formed
[103]. For instance, Velev and co-workers created a series
of patchy structures by adding a magnetic Iron-Nickel alloy
(Fe 55%, Ni 45%) NPs into a sulfate-stabilized polystyrene
latex and drying the droplets containing the mixture of latex
and magnetic NPs onto SHS. Through the manipulation of
magnetic fields with various spatial distributions, magnetic
NPs aggregation occurred in a region of a droplet subjected
to strong magnetic fields, eventually causing single, bilat-
eral, trilateral, or even patched structures onto SHS during
the evaporation process (Fig. 6d) [103].

2.3.2.4 Designing Supraparticles with Specific Proper-
ties Supraparticle properties are determined by their struc-
tures and compositions. For instance, the supraparticles
with high porosity generally possess excellent catalytic
properties, as high porosity facilitates catalyst/adsorbate
loading and enables high mass transfer flux [105]. When
their building blocks are arranged in an orderly manner
to form a photonic crystal structure, supraparticles can
display photonic bandgap properties and bright struc-
tural colors. Undoubtedly, adjusting the composition of
the NPs can also be employed to manipulate supraparti-
cle properties. By incorporating superparamagnetic NPs
into a colloidal suspension system, the supraparticle can
acquire a magnetic-field response property [103]. Further-
more, Supraparticles formed by CdSe/CdS nanorods can
preserve the photoluminescence properties of the pristine
material [113]. Moreover, by simultaneously constructing
a distinct structure and regulating the characteristics of the
building blocks, supraparticles will obtain multiple func-
tions. For example, Chen’s group reported the production
of PS/Fe;0, Janus supraparticles using the SHS-assisted
droplet template evaporation strategy, where the PS and
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Fe;O, hemispheres were constructed through the ordered
self-assembly of monodispersed PS NPs and superpara-
magnetic Fe;0, NPs, respectively. This PS/Fe;0, Janus
supraparticle exhibited both intrinsic photonic band gap
property and magnetic-field response characteristics
[107].

3 Applications of Supraparticles
and Microspheres Fabricated
by SHS-Assisted Strategies

Supraparticles represent an emerging class of materials with
tunable properties. Their size, shape, structure and proper-
ties can be designed by using a colloidal formula with proper
properties and droplets with appropriate diameter, making
them versatile in a wide range of applications, such as pho-
tonic crystals and catalysts. Microspheres are crucial in vari-
ous fields due to their uniform size and high surface area.
They serve as ideal carriers for high-volume encapsulation
of cells and precise control of drug release. Microsphere-
like materials are usually obtained during the SHS-driven
protein crystallization and SHS-assisted trace solute detec-
tion processes.

3.1 Colloidal Photonic Crystals

Colloidal photonic crystals are one kind of photonic crystals
formed by the ordered arrangement of materials with differ-
ent refractive indices [124—128]. Especially, these crystals
consist of ordered self-assembled colloidal NPs [129-136].
Indeed, a supraparticle prepared using the SHS-assisted
droplet template evaporation strategy can possess a photonic
crystal structure, if the number of NPs inside the droplet
is sufficiently large to induce early clustering of NPs [71,
137]. The critical number of NPs in the system generally
depends on the parameters affecting the solvent evaporation
rate and the diffusivity of NPs. Hence, the photonic crystal
structure can be realized via precise control of the humid-
ity and temperature throughout the evaporation, as well as
the original NP suspension properties. Recently, it has been
considered that the mono-dispersity of NPs has a significant
effect on the formation of photonic crystal structures [102,
106]. Hans-Jiirgen Butt’s group reported a supraparticle
composed of pH-responsive NPs whose packing structure
can be tuned by the mono-dispersity of NPs [102]. In this
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system, highly monodispersed NPs caused by a low pH envi-
ronment showed order arrangement, resulting in a formation
of the photonic crystal structure. On the contrary, a high
pH environment caused an agglomeration of pH-responsive
NPs, thus forming an amorphous structure (Fig. 7a) [102].
The supraparticles endowed with photonic crystal struc-
ture can exhibit unique photonic bandgap properties and
bright structural colors [138—141], and they can be shaped
into various forms, such as microwells, micro-balls, micro-
ellipsoidal and micro-doughnut by regulating the dynamic
behavior of TPCL during evaporation [103]. These features

make them great application prospects in the field of con-
verters, decorative coatings, displays, optical switching, and
pigments. For example, Roman Krahne’s group reported a
hollow-dome-shaped supraparticle with a photonic crystal
structure produced by the evaporation-induced self-assembly
process of CdSe/CdS nanorods onto SHS [113]. This pho-
tonic crystal structure showed tremendous prospects in the
field of color converters, as it can be freely positioned in an
excitation beam [113]. Orlin D. Velev’s group developed a
supraparticle with concentric color rings, which were cre-
ated from a mixed suspension of latex microspheres and

(a)

/\ L —r—]
450 500 550 600 650 700
Wavelength (nm)

hydrophilic

hydrophobic

Reflection

~ 5i0,-TMPTA

(c) (d)

00

15° 30° 45° 60° 75°

0996
‘-’\ A

> 0.7

(5]
C

)

— Without Fe30,
\\ - - With Fe30

—90"
—151
—60"
—as
—30"
—1s

) ®

w
S

Reflectance (%)

Normalized Reflectance (a.

400 600 800

640 680 720 760 800

Wavelength (nm) Wavelength (nm)

Fig. 7 Supraparticles with colloidal photonic crystals structure. a The highly monodispersed NPs produced in an acidic environment showing
order arrangement and causing the formation of a photonic crystal structure, while an agglomeration of NPs formed in an alkaline environment
resulting in an amorphous structure. Reproduced with permission from Ref. [102], Copyright 2017, American Chemical Society. b Optical
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gold NPs [106]. By placing droplets of the mixed suspen-
sion onto SHS and allowing slow evaporation, the latex
particles formed a face-centered cubic (FCC) lattice, while
most of the small gold NPs transferred to the supraparti-
cle surface. This arrangement produced localized photonic
crystal domains and resulted in the appearance of various
color rings, offering potential applications in decorative
coatings [106]. Additionally, the supraparticles composed
of dual photonic crystal structures have been fabricated by
governing the surface tensions between the two immisci-
ble components via a tri-phase microfluidic device, where
each part was composed of self-assembled NPs. When NPs
employed in the system show different compositions and
sizes, two distinct structural colors and reflection peaks can
be found from these supraparticles (Fig. 7b) [107]. Among
all dual-bandgap supraparticles, the PS/Fe;0, Janus supra-
particle can be considered as a particular one. Since the
Fe;O, hemisphere with green structural color can roll over
when applying a magnetic field, the interchange of the top
positions of the red PS and green Fe;O, hemispheres can be
easily achieved by altering the magnetic field’s direction.
This dynamic color conversion property renders it a promis-
ing candidate for optical switching materials, as well as for
the creation of day-night dual-viewed bead panels (Fig. 7¢)
[107]. Zhou’s group reported a kind of supraparticle with
non-iridescent structural colors and special microscopic
shapes (e.g., microwells, dimpled microbeads, microbeads
or micro-ellipsoidal) fabricated by evaporation-induced self-
assembly of colloidal NPs on SHS [119]. In order to enhance
the coherent structural color and eliminate the strong inco-
herent light-scattering, smaller-sized Fe;O, NPs as light
absorbers were added into this system. The microbead- and
micro-ellipsoid-shaped supraparticles with Fe;0, NPs incor-
poration showed bright structural colors and sharp reflection
peaks, and the structural colors and reflection peak posi-
tions remained almost unchanged with the modification of
observed angles from O to 75° (Fig. 7d). The structural color
independent of angles can be attributed to the distinctive
microstructure, which comprises a polycrystalline surface
layer and an amorphous inner layer. Moreover, the poly-
crystalline structure is composed of “crystalline regions”
with FCC structure and ‘‘amorphous regions’’ with ran-
domly arranged NPs. These non-iridescent supraparticles
with controlled micro-shapes have promising applications
in the fields of nontoxic, nonbleaching pigments and energy-
efficient full-color display pixels [119].
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The employment of the SHS-assisted droplet template
evaporation method for fabricating colloidal photonic crys-
tals offers numerous advantages. This technique enables
the fabrication of colloidal photonic crystals with diverse
and flexible shapes, as well as integrated functionalities.
However, it is important to acknowledge that the strict for-
mation conditions may pose potential drawbacks to mass
manufacturing.

3.2 Catalysts

There are significant advantages to applying supraparti-
cles in the catalysts field. Firstly, the inherent mesoporous
structures of supraparticles make them possess large surface
areas, offering huge benefits for enhancing catalytic activity.
Moreover, supraparticle catalysts generally show better sta-
bility compared to individual NPs. Furthermore, by utilizing
functionalized NPs and controlling suspension properties,
supraparticles can be tailored to possess specific shapes,
distinct structures, and emerging or synergetic properties,
which offers the possibility for their use in specific catalytic
reactions. As typical examples, the recent advancements in
the utilization of supraparticles prepared by SHS-assisted
droplet template evaporation strategy for multi-type cataly-
sis, including photocatalysis, electrocatalysts, and enzyme
catalysis, will be discussed.

Mesoporous semiconductor materials, owing to their wide
bandgaps, have demonstrated remarkable performance in
the field of photocatalysis research [142, 143]. For exam-
ple, Hans-Jiirgen Butt and co-authors reported TiO, supra-
particle photocatalysis with controlled porosity fabricated
by firstly obtaining TiO,-PS composite supraparticles via
SHS-assisted droplet template evaporation strategy and then
removing the PS microspheres by calcination [105]. These
TiO, supraparticle catalysts showed porosity-dependent
photocatalytic efficiency, as confirmed by the photodegrada-
tion experiment of rhodamine B (RhB) (Fig. 8a). The aque-
ous solution containing TiO, supraparticles with the larg-
est porosity demonstrated the highest level of degradation
(~97%) under UV-A light irradiation (power: 0.3+0.01 mW

cm™?

, irradiation time: 22 h), resulting in almost complete
bleaching of the RhB solution [105]. The enhancement in
photocatalytic activity with increasing porosity can be attrib-
uted to the fact that the presence of macropores promoted

the diffusion of organic dyes into supraparticles. In recent
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developments, alternative oxide materials, such as ZnO,
Sn0O,, and Nb,Os, have gained attention as ideal substitutes
for TiO,, since they made a breakthrough in overcoming
the lower electron mobility of TiO, material [144]. Hans-
Jiirgen Butt’s group proposed a simple strategy to prepare
mesoporous ZnO and SnO, supraparticles by evaporating
homologous NP dispersions onto SHS [67]. In addition, this
group also reported the coupled ZnO/TiO, and TiO, /SnO,
composite supraparticles fabricated through a sequential
drying process of NP dispersions onto SHS [67]. Compared
with pure metallic oxides, the coupled metallic oxide com-
posite demonstrated a largely improved photocatalytic activ-
ity, as it can promote efficient spatial separation of electrons
and holes [144, 145].

Currently, Pt and its alloys are recognized as the best elec-
trocatalysts for oxygen reduction reactions. However, the
high cost of Pt materials and declining activity have greatly
hindered their large-scale use [142]. Integrating Pt into the
supraparticle system by dint of SHS has become an effective
approach to solving these problems. For instance, Michael
Gradzielski and co-workers reported patchy supraparticles
comprising Pt-covered Fe;0, NPs as small patches embed-
ded in a silica framework, which were fabricated by SHS-
assisted droplet template evaporation strategy [146, 147].
Once these supraparticles were immersed in an aqueous
H,0, solution, a decomposition reaction of H,0O, occurred,
resulting in the generation of oxygen bubbles in the solution
(Fig. 8b). This observation indicated that the Pt-containing
supraparticles exhibited high catalytic efficiency. Notably,
these oxygen bubbles released at the air—water interface
can cause an oscillating vertical motion and elevation of
the supraparticle, thus making it an excellent self-propel-
ling material [147]. However, the oxygen evolution in this
system led to the supraparticles’ disintegration. To enhance
their mechanical stability, the research group introduced a
series of additives, such as PS micro-fibrillated cellulose
or Na,SiO; material, to reinforce the supraparticles [148].

The SHS-assisted droplet template evaporation strat-
egy allows for the creation of supraparticles with complex
properties through the aggregation of functionalized NPs.
Thus, functionalizing NPs opens a novel avenue for pre-
paring supraparticles with specific catalytic properties.
One typical example is the immobilization of a-amylase,
an enzyme catalyst designed for starch decomposition, into
supraparticles using the covalent binding method [149]. The
resulting enzyme catalyst, containing o-amylase, acts on the
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a-1,4-glycosidic bond between glucose units, leading to a
sluggish liberating of maltose. This behavior further results
in the loss of helical units in starch and hampers the for-
mation of starch-I;~ complexes. Hence, when the enzyme
catalysts were immersed in a medium containing iodine and
starch, the medium underwent a color change from blue to
transparent within a short period [149]. It indicates that
starch realized a complete decomposition, demonstrating
the excellent catalytic effect of this enzyme catalyst.

3.3 Biomedicines

SHS offers a novel platform for processing spherical hydro-
gel microspheres. These microspheres hold significant
potential in various biomedical fields, particularly in drug
delivery and cell encapsulation. The remarkable superiori-
ties of resulting hydrogel microspheres include (i) low pro-
duction costs, as well as easy synthesis methods and mild
processing conditions; (ii) nearly 100% encapsulation effi-
ciency for various bioactive substances, such as cells and
proteins; (iii) the possibility of achieving high drug load and
a finely regulated drug release rate [150]; (iv) the realization
of narrow size distribution and mass production [63, 74];
(V) wide adjustability of microsphere size, ranging from
microns to centimeters [76].

The following is a detailed description of how micro-
spheres have been utilized on SHS for drug delivery. Firstly,
the target drugs are mixed with a monomer in an aqueous
solvent. Secondly, the droplets of mixed solution are placed
onto SHS and retain a spherical shape. When the monomer
undergoes a cross-linking reaction, hydrogel microspheres
are formed, along with drugs encapsulated in it. Finally,
the release of drugs is achieved as the hydrogel micro-
spheres exhibit swelling behavior in response to external
stimuli. These stimuli typically include water [63], pH val-
ues [151], temperature [74], and light [85]. For instance,
Jodo F Mano’s group developed water-responsive alginate
hydrogel microspheres loaded with theophylline drug. The
preparation involved an in-situ cross-linking process of
alginate droplets and calcium chloride [63]. The resulting
hydrogel microspheres exhibited a swelling behavior in
response to water stimulus, allowing for the release of the
alginate drug in a deionized water environment at 37 °C
[63]. Their significant volume expansion in water provided
more space for drug diffusion [152]. Consequently, the
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alginate hydrogel microsphere demonstrated a high release
rate (several minutes) and remarkable release efficiency
(almost 100%). Another study by this group involves pH-
responsive chitosan hydrogel microspheres used as drug
delivery materials. In this system, dexamethasone served as
the drug model. The dexamethasone-loaded chitosan hydro-
gel microspheres were formed onto SHS via a neutralized
reaction and an ionic gelation process [151]. The release
profiles of dexamethasone indicated that the drug can be
released at multiple pH values, with a little distinction
observed across different pH levels [151]. This phenom-
enon can be attributed to the fact that the swelling degree
of pH-responsive hydrogel microspheres is influenced by
the pH value, but this system shows a relatively slow swell-
ing rate. In many cases, it may take one or several days
to observe a significant divergence in the swelling degree,
whereas drug release typically concludes within a few hours
[151]. Consequently, the release rate is primarily dependent
on the diffusion of dexamethasone rather than pH values.
Song and co-authors reported a composite hydrogel micro-
sphere formed through the cross-linking process of the
methacrylate-modified dextran and poly(N-isopropylacryla-
mide) (PNIPAM) [74]. The composite hydrogel micro-
sphere exhibited temperature-responsive properties due
to the low critical solution temperature of PNIPAM in the
aqueous medium (around 32 °C) [153—155]. When loaded
with proteins such as bovine serum albumin or insulin, the
composite hydrogel microsphere showed a fast release of
the protein below 32 °C, and the release rate could be regu-
lated by adjusting the proportion of microsphere constitu-
ents and the temperature of the medium. These findings
provide evidence for the feasibility of utilizing hydrogel
microspheres to develop controlled drug/protein deliv-
ery systems [74]. Although the above spherical hydrogel
microspheres exhibited many merits in the drug storage
and release system, their single-compartmental structures
make them lack combinational functionalities, such as the
ability to control the material properties independently or
achieve synergetic therapeutic effects [156, 157]. To over-
come this shortcoming, a novel multi-compartmental hydro-
gel has been employed in drug delivery [85, 86, 158]. For
instance, Chia-Hung Chen’s group fabricated a core—shell
structured multi-compartment hydrogel microsphere with
selective near-infrared (NIR) light sensitivity [85]. The core
compartment was composed of agarose/alginate hydrogel
microspheres loaded with polypyrrole NPs and dextran

© The authors

drug, while the non-loaded agarose/alginate hydrogel
served as the shell (Fig. 9a) [85]. The core compartment,
due to the high photothermal conversion effectiveness of
polypyrrole NPs [159-161], exhibited NIR responsiveness,
resulting in a release of the dextran drug, while the non-
loaded shell served as a barrier, controlling the drug release.
Thus, this multi-compartment structure enables individual
control of the release speed. In addition to the capability
of independently regulating the release speed of individual
compartments, multi-compartment systems have the poten-
tial to deliver multiple molecules simultaneously. Jodo F.
Mano’s group reported a multilayered hydrogel microsphere
prepared by a sequential-crosslinking process on SHS, in
which every layer was loaded with different molecules, thus
creating a possibility of realizing the sequential release
of various molecules [158]. Therefore, this multilayered
hydrogel microsphere may exhibit promising prospects for
the synergistic treatment of multi-factorial diseases.

Cell encapsulation is a strategy to encapsulate a pool of
living cells within a semipermeable membrane or hydro-
gel. The utilization of the SHS-assisted cross-linking tech-
nique has been regarded as a highly productive approach
for encapsulating viable cells within hydrogel materials
[76]. As a typical example, the procedure for encapsulat-
ing MC3T3 mouse osteoblast inside the hydrogel micro-
sphere will be described in detail [162]. This encapsulat-
ing hydrogel material was obtained from a cross-linking
process of 4-arm polyethylene glycol (PEG)-vinylsulfone
and degradable metalloproteinase, which both were dis-
solved in the spherical droplets onto SHS. To ascertain
the viability of cell encapsulation, MC3T3 mouse osteo-
blast cells were encapsulated and cultured in a controlled
environment (CO, incubator, pH 7.4, 37 °C), followed
by a staining experiment. The live/dead staining result
showed that cell viability exceeded 94% after 7 days of
cultivation (Fig. 9b). Furthermore, the cell spreading
results monitored by fluorescent microscopy confirmed
the sustained healthy growth of the encapsulated cells for
7 days. Subsequently, most of the cells were released onto
a tissue culture polystyrene Petri after 14 days due to the
degradation of the sensitive metalloproteinase network.
The findings demonstrate that the SHS-assisted cross-
linking curing methodology is a highly feasible approach
to creating hydrogel microspheres for encapsulating living
cells. Undoubtedly, other types of cells can be effectively
encapsulated within specific hydrogel microspheres. For
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Reproduced with permission from Ref. [162], Copyright 2018, Wiley—VCH. ¢ Schematic diagram illustrating the process of encapsulating L.929
cells within the external layer of core—shell structured hydrogel microspheres. The core is formed through the cross-linking of DEX-MA under

UV light, while the shell formation is attributed to the cross-linking of alginate induced by the release of Ca®*

immobilized in the inner layer.

Reproduced with permission from Ref. [158], Copyright 2013, Wiley—VCH

instance, Jodo F. Mano’s group reported the encapsula-
tion of L929 cells within alginate hydrogel microspheres,
which involved the deposition of an alginate suspension
containing the cells onto SHS, followed by the cross-link-
ing of alginate with Ca2* ions [63]. The study revealed
that the L929 cells exhibited a homogeneous distribu-
tion within the hydrogel microspheres, indicating that the
employed technique enables the creation of cell-encap-
sulating hydrogel microspheres with uniformity. Besides
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these single-compartmental microspheres, this process-
ing strategy is also suitable for constructing multi-com-
partment structures. By loading each compartment with
an active agent or cell, the multi-compartment structures
exhibit great application prospects in the encapsulation of
multiple substances and cell therapy. For instance, Jodo F.
Mano’s group reported a bi-layered hydrogel microsphere
loading L.929 cell in the outer layer and CaCl, molecule
in the inner layer [158]. In this system, the core layer
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consisted of a dextran modified with methacrylic groups
(DEX-MA) hydrogel, while the shell was composed of
alginate hydrogel. The hardening of the core layer was
achieved through the UV-light-induced cross-linking of
DEX-MA, whereas the formation of the alginate shell
was attributed to the cross-linking of alginate induced by
the diffusion of Ca®* ions from the core (Fig. 9¢) [158].
Cell viability tests confirmed that L.929 cells encapsu-
lated in this structure can maintain viability for 72 h and
exhibited a homogeneous distribution on the shell layer
[158], which can be attributed to the fact that this mild
SHS-assisted cross-linking processing methodology sig-
nificantly reduced an invasion of cell encapsulation and
protected the viability of loaded cells [163]. Furthermore,
this configuration holds potential for specific therapeutic
applications, as the inner layer of the microsphere can
serve as a reservoir for bioactive or therapeutic agents
that influence cell behavior. Additionally, the composition
of the compartmentalized microsphere can be easily tai-
lored by adjusting the formulation of the NP suspensions
deposited on the SHS, thereby meeting the requirements
for encapsulating different cell types or bioactive factors.

(a)

Lysozyme + TCEP

Superhydrophobic coating

3.4 Driven Crystallization

Evaporating solvents of droplets on SHS triggers a concen-
tration convergence effect within a confined region, resulting
in the formation of microsphere-like materials with distinct
shapes and crystalline structures. A comprehensive descrip-
tion of the formation process can be found in Sect. 2.3
(Fig. 3a).

Nowadays, the SHS has become a common tool to induce
the crystallization of various substances, including proteins
[97], peptides [96] and salts [164]. To illustrate this phe-
nomenon, we will describe the crystallization process of
lysozyme protein as reported by Yang’s group [97]. Initially,
the sessile droplet of lysozyme buffer was deposited onto
the protein-based SHS, which was fabricated by assembling
phase-transited lysozyme product into a rough structure and
then coating low surface energy materials onto it (Fig. 10a).
Due to the high-water repellency of the SHS, the droplet
stood onto SHS as a spherical shape, resulting in an ultra-
small liquid/solid contact area. As the solvent within the
droplet gradually evaporated, a concentration convergence
effect occurred within the limited contact area, thereby
facilitating the formation of a protein crystal nucleus [97,
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Fig. 10 SHS-assisted droplet template evaporation strategy used to drive protein crystallization. a Schematic illustration of the formation of
phase-transited lysozyme surface with superhydrophobicity. Reproduced with permission from Ref. [97]. Copyright 2015, Wiley—-VCH. b
Scheme diagrams (top), Selected area electron diffraction diagrams (middle) and high-resolution transmission electron microscope diagrams
(bottom) of lysozyme crystals formed on different surfaces, where PTL-SH, PTL-non-SH and PTL-non-SH represent the phase-transited
lysozyme surface with superhydrophobicity, phase-transited lysozyme surface without superhydrophobicity, and SiO, surface with superhydro-
phobicity, respectively. These images demonstrate that high-quality crystals are only formed on a bio-based SHS. Reproduced with permission

from Ref. [96]. Copyright 2018, Wiley—VCH
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111]. Subsequently, the crystal nucleus grew over time,
eventually causing the formation of a protein crystal with a
large size. Specifically, when the volume of the droplet onto
SHS was set to 10 pL, the crystal nucleus appeared after a
1.5-h evaporation process, and the crystallization process
was nearly complete within another hour, ultimately yield-
ing the lysozyme crystal exceeding 100 pum in size [97]. The
growth of lysozyme crystal followed a classical crystalli-
zation theory and the crystalline domains appeared in two
forms known as hexagonal and tetragonal. It is worth men-
tioning that the lysozyme protein can achieve high-quality
crystallization at a fast rate (within several hours) even under
a low protein concentration (~70 X 107% mol L™Y) [97]. In
comparison to traditional methods that require several days
and higher protein concentrations for successful crystalliza-
tion, this process significantly accelerates the crystalliza-
tion speed while reducing the required protein concentration
[97]. In addition, this manufacturing process avoids the use
of toxic additives, complicated crystallization formulas, and
harsh crystallization conditions. Consequently, this SHS-
assisted droplet template evaporation technique proves to
be an efficient and cost-effective approach for facilitating
protein crystallization.

The SHS-assisted droplet template evaporation strategy
holds particular significance for the crystallization of the
protein whose source is comparatively rare. For instance,
a seven residue, fibril-forming peptide with sequence
GNNQQNY, p-ketoacylacyl carrier protein synthase III
[165], that is traditionally challenging to crystallize, can
realize a high-quality crystallization onto bio-based SHS, as
reported by Yang’s group [96]. In addition, through further
observing the crystallization behavior of proteins on three
different surfaces, including bio-based SHS, superhydropho-
bicity and non-bio-based SHS, it has been discovered that
the high-quality protein or polypeptide crystals only existed
on a bio-based SHS (Fig. 10b) [96]. This can be attributed to
the fact that bio-based SHS not only possesses micro/nano-
structures that can facilitate solute concentration, but also
incorporates numerous functional chemical groups (e.g.,
methyl, thiol, amino) that provide abundant active nuclea-
tion sites to enhance biomolecular crystal growth [96, 166].
Due to these favorable characteristics, bio-based SHS can
expedite the crystallization process of various substances,
including proteins, polypeptides, and salts, even at low sol-
ute concentrations. Thus, it is highly desirable for large-scale
production of target material crystallization. Furthermore,
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by introducing combinatorial chemistry into the target mate-
rial intended for crystallization, the interactions between
the crystals (e.g., specialized proteins) and drugs can play a
significant role in biomedical and therapeutic applications,
whether in vivo or in vitro.

3.5 Trace Analyte Detection

The concentration convergence effect induced by evapo-
rating aqueous droplets onto SHS is also highly signifi-
cant in molecular analysis and detection. This is because
the detection thresholds and detection sensitivities of
existing spectral analytical methods heavily rely on the
solute concentrations [167-169]. In this section, Raman
scattering (SERS) spectroscopy serves as an illustrative
example to demonstrate the influence of solute concen-
tration [170]. When SERS spectroscopy is employed for
qualitative and quantitative detection of a target solute,
the SERS signals of a small number of analyte molecules
falling into a “hot spot” occupy a high proportion of SERS
signals in the whole measurement. Hence, it is a feasible
method that preconcentrating the solute molecules onto
SHS increases the probability of the analyte molecules
entering the hot spot. Alexandre G. Brolo’s group eluci-
dated the process of SERS analysis with the help of SHS
(Fig. 11a) [171]. Firstly, a droplet of an aqueous solute
solution was deposited on the SHS, maintaining a spheri-
cal shape. Subsequently, the SERS optrode was positioned
at the top of the droplet. As the solvent evaporated, the
droplet size continually decreased and the contractive
droplet was completely captured by the hydrophilic tip
of the SERS optrode. Finally, the solute achieved enrich-
ment at the hydrophilic tip, enabling its easy detection
through a SERS analysis [171]. With the utilization of
this device, the lowest experimentally detected amount
of nile blue A was 25 fg (34 attomoles). Moreover, tri-
azophos, an organophosphate pesticide utilized in agri-
culture, can be detected in quantities as low as 20 pg (64
femtomoles). In addition to the configuration where SHS
only serves as a medium to deliver concentrated analytes
to the SERS substrate, the dual-functional SHS, which
not only concentrates solute but also provides SERS hot
spots, has also been developed [172, 173]. For instance,
E. Di Fabrizio and colleagues reported the fabrication of
multi-types of dual-functional SHS by combining silicon
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Fig. 11 SHS-assisted droplet template evaporation strategy employed to induce a solute concentration and its application in trace analyte detec-
tion. a Schematic diagram illustrating the process of solute concentration onto the SHS and SERS analysis of the solute. Reproduced with per-
mission from Ref. [171]. Copyright 2015, The Royal Society of Chemistry. b SEM image, Raman mapping measurement, and spectral signature
of rhodamine solute precipitation from a 1077 mol-L~" solution onto a dual-functional structure comprising silicon micropillar arrays adorned
with silver NPs on the top. Reproduced with permission from Ref. [173]. Copyright 2011, Nature Portfolio. ¢ The still-shot images and confocal
laser scanning microscope images showing the evaporation process of droplets and the aggregation process of solute onto the structure com-
posed of the micropillar array with a radial density gradient. Reproduced with permission from Ref. [174]. Copyright 2017, American Chemical

Society

micropillar arrays with plasmonic nanostructures [173].
Among the multi-types of SHS, the simplest structure
consisting of silicon micropillar arrays topped with sil-
ver NPs was employed to demonstrate how to achieve a
low detection threshold and high detection sensitivity. In
this system, the rhodamine 6G served as a typical solute
model. Initially, when the solvent of the droplet containing
rhodamine 6G evaporated on the bi-functional substrate,
the TPCL moved freely, causing a decrease in droplet
size while maintaining a constant droplet shape. As the
evaporation progressed, the solution became more concen-
trated. Upon the culmination of the process of evaporation,
wherein the shape and concentration attained a state of
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instability, the droplet underwent a collapse, leading to
the deposition of rhodamine 6G in a specific region. Since
the precipitation regions and the “hot spots” areas of this
bi-functional substrate were coincident, rhodamine 6G can
be detected even at concentrations as low as 1077 mol L.
Micro-Raman mapping measurement and spectral analysis
confirmed the presence of solute rhodamine 6G through
a clear band center at 1,650 cm™! (Fig. 11b) [173]. Fur-
thermore, by combining this structure with a fluorescence
device, DNA can be detected at concentrations as low as
107" mol L™ [173].

While the above dual-functional structure can enhance
detection sensitivity, there is an inevitable migration of
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droplets onto SHS during the evaporation process, leading
to uncertain deposition sites. Hence, when performing SERS
analysis, the surface should be completely examined unless
the target is fluorescently labeled. To address this issue,
Shin-Hyun Kim and colleagues proposed a structure with
uneven density [174]. This structure was composed of the
micropillar array with a radial density gradient, where the
nanotip array was located on the top surface of each micro-
pillar and Ag NPs were deposited on the nanotips. Since a
radial density gradient of micropillar causes a radial gradi-
ent of contact angle onto the structure surface, the droplets
can spontaneously move towards the central region with the
highest density [174]. Consequently, the analyte dissolved
in the droplets can be enriched at the central surface of the
structure during the evaporation process (Fig. 11c) [174].
The analyte can be detected at predetermined positions using
Raman spectra without requiring a complete scan of the
substrate, thus significantly saving the detection time [174].
This makes it a general structure to promote the enrichment
of the solute [175].

In summary, the SHS-assisted droplet template evapora-
tion strategy plays a significant role in molecular detection,
particularly for molecules with concentrations as low as the
attomolar scale. Additionally, this approach has the potential
to be integrated with various spectral analysis techniques
(e.g., SERS spectra, fluorescence, and Raman), and is fully
compatible with existing biological and medical protocols.
Consequently, it is of great significance for the analysis of
rare or hazardous chemicals involved in biomedical, food
safety and ecological pollution.

4 Summary and Future Perspective

In this review, we have presented a comprehensive over-
view of the recent advancements in the field of SHS-assisted
preparation of microspheres and supraparticles, as well
as their applications. Firstly, the strategies for fabricating
microspheres and supraparticles, including SHS-assisted
cross-linking curing, SHS-assisted polymer melting, and
SHS-assisted droplet template evaporation, have been pre-
sented. Especially, the preparation processes of supraparti-
cles have been described in detail in terms of morphology,
structure and properties. In addition, we also summarized
the influence of the dynamic TPCL behavior of droplets
during the evaporation process on the resulting shapes of
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supraparticles. Then, we demonstrated the wide range of
applications for microspheres and supraparticles fabri-
cated through the SHS-assisted strategies. These applica-
tions encompass advanced optical devices, catalysts with
superior catalytic efficiency, drug delivery systems with
controlled release rates, cell encapsulation materials with
improved encapsulation efficiency, Polymer crystallization,
and molecular trace detection.

Although significant progress has been made, there are
still challenges and potential outcomes that need to be
addressed. These difficulties and potential outcomes are
outlined below:

(1) Size and Shape Control: Achieving precise control over
the size and shape of microspheres and supraparticles
remains a challenge. While SHS-assisted methods offer
some level of control, further optimization is needed
to achieve mono-dispersity and uniformity in size and
shape. Exploring the impact of original droplet size
and solute concentration on the resulting particle size,
as well as conducting systematic investigations into the
factors influencing different supraparticle morpholo-
gies, will offer significant benefits for fine-tuning fab-
rication parameters in SHS-assisted methods. This
exploration will lead to improved control over size and
shape, ultimately enhancing reproducibility in the pro-
cess.

(2) Scalability and Production Efficiency: Scaling up the
production of microspheres and supraparticles while
maintaining their desired properties is an ongoing chal-
lenge in the field. SHS-assisted methods often involve
complex fabrication processes that can be time-con-
suming and require specialized equipment to ensure
uniform manufacturing. Additionally, these specialized
equipment often have limited throughput, typically
ranging from 100 to 1,000 droplets per second [64].
Developing strategies to improve production efficiency,
such as modifying microfluidic devices by integrating
multiple channels and sprinklers, may be expected to
enable the fast fabrication of microdroplets.

(3) Reproducibility, Stability, and Durability: Ensuring the
good reproducibility of the SHS-assisted methods, the
long-term stability and durability of microspheres and
supraparticles is essential for their practical applica-
tions. The reproducibility of the SHS-assisted methods
mainly depends on the durability of SHS. Thus, investi-
gating the impacts of various nano-microstructures and
modification techniques on the durability of SHS, with
the aim of finding a robust SHS, assumes significant
importance in maintaining consistent production of
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supraparticles and microspheres. Concerning the stabil-
ity and durability of microspheres and supraparticles,
multiple factors come into play, including structural
integrity, resistance to degradation, and stability under
various environmental conditions. Exploring the fac-
tors holds promise for advancing the practical utility
of microspheres and supraparticles.

(4) Functionalization and Integration: Expanding the func-
tionality and integration of microspheres and supra-
particles is a promising direction for future research.
SHS-assisted methods can potentially enable the incor-
poration of functional elements or materials within the
microspheres or on their surfaces. Developing strate-
gies for precise functionalization and integration will
enhance their capabilities and enable new applica-
tions. One example is the combination of catalytic
performance with controlled self-propelled motion
features, which holds significant potential across vari-
ous domains, including oil cleanup, pollutant decom-
position, agitation and mixing, and selective chemical
reactions. Another area of interest is the development
of multiple-compartment microspheres that enable the
sequential release of multiple drugs. Although multi-
compartment structures and drug delivery systems
with controlled release rates have been developed, the
diffusion of drugs between chambers and the external
environment remains an unavoidable issue, which leads
to the failure of sequential delivery. To address this
problem, it is important to select drug delivery sys-
tems with large release rate differences. The integra-
tion of these systems into a single drug delivery system
holds significant potential for achieving sequential drug
release. In summary, the functionalization and integra-
tion of microspheres and supraparticles offer exciting
prospects for future research.

(5) Characterization and Understanding: Comprehensive
characterization techniques and an in-depth under-
standing of the formation mechanisms are essential
for further advancements in microspheres and supra-
particles fabricated by SHS-assisted methods. Efforts
should be made to develop advanced characterization
techniques that provide detailed information about their
structural, optical, mechanical, and chemical proper-
ties. This knowledge will contribute to the optimiza-
tion of fabrication processes and the development of
tailored microspheres and supraparticles.

By addressing these challenges and exploring their poten-
tial outcomes, further advancements can be achieved in
the SHS-assisted preparations of microspheres and supra-
particles, as well as their applications. Overcoming these
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challenges will bring new opportunities for their use in
various fields, including materials science, biotechnology,
medicine, and environmental applications.

Acknowledgements We acknowledge the financial sup-
port from Shenzhen Science and Technology Program
(JCYJ20210324142210027, X.D.), the National Natural Sci-
ence Foundation of China (52103136, 22275028, U22A20153,
22102017, 22302033, and 52106194), the Sichuan Outstanding
Young Scholars Foundation (2021JDJQ0013), Natural Science
Foundation of Sichuan Province (2022NSFSC1271) and Sichuan
Science and Technology Program (2023JDRC0082); “Oncology
Medical Engineering Innovation Foundation” project of Univer-
sity of Electronic Science and Technology of China and Sichuan
Cancer Hospital (ZYGX2021YGCXO009); “Medical and Industrial
Cross Foundation” of University of Electronic Science and Tech-
nology of China and Sichuan Provincial People’s Hospital (ZYGX-
2021YGLH207). Shandong Key R&D grant (2022CXGC010509)

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. S.H. Nguyen, H.K. Webb, P.J. Mahon, R.J. Crawford, E.P.
Ivanova, Natural insect and plant micro-/nanostructured
surfaces: an excellent selection of valuable templates with
superhydrophobic and self-cleaning properties. Molecules
19(9), 13614-13630 (2014). https://doi.org/10.3390/molec
ules190913614

2. K. Koch, B. Bhushan, W. Barthlott, Diversity of structure,
morphology and wetting of plant surfaces. Soft Matter 4(10),
1943-1963 (2008). https://doi.org/10.1039/B804854A

3. W. Barthlott, M. Mail, B. Bhushan, K. Koch, Plant sur-
faces: structures and functions for biomimetic innovations.
Nano-Micro Lett. 9, 1-40 (2017). https://doi.org/10.1007/
$40820-016-0125-1

https://doi.org/10.1007/s40820-023-01284-2


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules190913614
https://doi.org/10.3390/molecules190913614
https://doi.org/10.1039/B804854A
https://doi.org/10.1007/s40820-016-0125-1
https://doi.org/10.1007/s40820-016-0125-1

Nano-Micro Lett.

(2024) 16:68

Page 23 0f 29 68

4.

10.

11.

12.

13.

14.

16.

Y.Y. Yan, N. Gao, W. Barthlott, Mimicking natural superhy-
drophobic surfaces and grasping the wetting process: a review
on recent progress in preparing superhydrophobic surfaces.
Adv. Colloid Interfac. 169(2), 80-105 (2011). https://doi.org/
10.1016/j.cis.2011.08.005

. H. Liu, L. Zhang, J. Huang, J. Mao, Z. Chen et al., Smart

surfaces with reversibly switchable wettability: concepts, syn-
thesis and applications. Adv. Colloid Interface 300, 102584
(2022). https://doi.org/10.1016/j.cis.2021.102584

F. Wang, S. Li, L. Wang, Fabrication of artificial super-hydro-
phobic lotus-leaf-like bamboo surfaces through soft lithog-
raphy. Colloid. Surface A 513, 389-395 (2017). https://doi.
org/10.1016/j.colsurfa.2016.11.001

G.D. Bixler, B. Bhushan, Fluid drag reduction and efficient
self-cleaning with rice leaf and butterfly wing bioinspired
surfaces. Nanoscale 5(17), 7685-7710 (2013). https://doi.org/
10.1039/¢3nr01710a

F. Geyer, M. D’Acunzi, A. Sharifi-Aghili, A. Saal, N. Gao
et al., When and how self-cleaning of superhydrophobic sur-
faces works. Sci. Adv. 6(3), 9727 (2020). https://doi.org/10.
1126/sciadv.aaw9727

K.D. Amirchand, K. Kaur, V. Singh, Biochar based self-
cleaning superhydrophobic surface with aqueous desphobic
properties. J. Mol. Liq. 380, 121736 (2023). https://doi.org/
10.1016/j.molliq.2023.121736

J.A. Howarter, J.P. Youngblood, Self-cleaning and next gen-
eration anti-fog surfaces and coatings. Macromol. Rapid
Comm. 29(6), 455-466 (2008). https://doi.org/10.1002/marc.
200700733

J. Jeevahan, M. Chandrasekaran, G. Britto Joseph, R. Durai-
raj, G. Mageshwaran, Superhydrophobic surfaces: a review
on fundamentals, applications, and challenges. J. Coat.
Technol. Res. 15, 231-250 (2018). https://doi.org/10.1007/
s11998-017-0011-x

Q. Shang, Y. Zhou, Fabrication of transparent superhydropho-
bic porous silica coating for self-cleaning and anti-fogging.
Ceram. Int. 42(7), 8706-8712 (2016). https://doi.org/10.
1016/j.ceramint.2016.02.105

C.J. Lai, Y.J. Chen, M.X. Wu, C.C. Wu, N.T. Tang et al.,
Self-cleaning and anti-fogging hierarchical structure arrays
inspired by termite wing. Appl. Surf. Sci. 616, 156484
(2023). https://doi.org/10.1016/j.apsusc.2023.156484

LF. Wahab, B. Abd Razak, S.W. Teck, T.T. Azmi, M. Ibra-
him et al., Fundamentals of antifogging strategies, coating
techniques and properties of inorganic materials; a compre-
hensive review. J. Mater. Res. Technol. 23, 687-741 (2023).
https://doi.org/10.1016/j.jmrt.2023.01.015

. W.Li, Y. Zhan, S. Yu, Applications of superhydrophobic

coatings in anti-icing: theory, mechanisms, impact factors,
challenges and perspectives. Prog. Org. Coat. 152, 106117
(2021). https://doi.org/10.1016/j.porgcoat.2020.106117

Y. Wang, J. Xue, Q. Wang, Q. Chen, J. Ding, Verification of
icephobic/anti-icing properties of a superhydrophobic sur-
face. ACS Appl. Mater. Interfaces 5(8), 3370-3381 (2013).
https://doi.org/10.1021/am400429q

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

L. Cao, A.K. Jones, V.K. Sikka, J. Wu, D. Gao, Anti-icing
superhydrophobic coatings. Langmuir 25(21), 12444—12448
(2009). https://doi.org/10.1021/1a902882b10.1021/1a902882b

. Y. Deng, F. Xu, Z. Yin, M. Xue, Y. Chen et al., Controllable

fabrication of superhydrophobic alloys surface on 304 stain-
less steel substrate for anti-icing performance. Ceram. Int.
49, 25135-25143 (2023). https://doi.org/10.1016/j.ceramint.
2023.05.044

L. Wang, H. Zhao, D. Zhu, L. Yuan, H. Zhang et al., A review
on ultrafast laser enabled excellent superhydrophobic anti-
icing performances. Appl. Sci. 13(15), 5478 (2023). https:/
doi.org/10.3390/app13095478

L. Feng, Z. Zhang, Z. Mai, Y. Ma, B. Liu et al., A super-
hydrophobic and super-oleophilic coating mesh film for the
separation of oil and water. Angew. Chem. Int. Ed. 116(15),
2046-2048 (2004). https://doi.org/10.1002/ange.200353381

B. Chen, J. Qiu, E. Sakai, N. Kanazawa, R. Liang et al.,
Robust and superhydrophobic surface modification by a
“paint + adhesive” method: applications in self-cleaning
after oil contamination and oil-water separation. ACS Appl.
Mater. Interfaces 8(27), 17659-17667 (2016). https://doi.org/
10.1021/acsami.6b04108

N. Wang, Y. Wang, B. Shang, P. Wen, B. Peng et al., Bioin-
spired one-step construction of hierarchical superhydropho-
bic surfaces for oil/water separation. J. Colloid Interf. Sci.
531, 300-310 (2018). https://doi.org/10.1016/].jcis.2018.07.
056

X. Li, X. Chen, C. Zhao, X. Luo, Y. Jiang et al., Fabrication
and research of superhydrophobic paper for oil-water separa-
tion. Mater. Chem. Phys. 304, 127808 (2023). https://doi.org/
10.1016/j.matchemphys.2023.127808

Y. Zheng, H. Bai, Z. Huang, X. Tian, F.Q. Nie et al.,
Directional water collection on wetted spider silk. Nature
463(7281), 640-643 (2010). https://doi.org/10.1038/natur
¢08729

Y. Zhang, T. Wang, M. Wu, W. Wei, Durable superhydro-
phobic surface with hierarchical microstructures for efficient
water collection. Surf. Coat. Tech. 419, 127279 (2021).
https://doi.org/10.1016/j.surfcoat.2021.127279

R.A. Pinheiro, A.A. Silva, V.J. Trava-Airoldi, E.J. Corat,
Water vapor condensation and collection by super-hydro-
philic and super-hydrophobic vacnts. Diam. Relat. Mater.
87, 43-49 (2018). https://doi.org/10.1016/j.diamond.2018.
05.009

J.Li, Y. Zhou, W. Wang, F. Du, L. Ren, A bio-inspired supe-
rhydrophobic surface for fog collection and directional water
transport. J. Alloy. Compd. 819, 152968 (2020). https://doi.
org/10.1016/j.jallcom.2019.152968

Q. Zhang, X. Bai, Y. Li, X. Zhang, D. Tian et al., Ultrast-
able super-hydrophobic surface with an ordered scaly struc-
ture for decompression and guiding liquid manipulation.
ACS Nano 16(10), 16843-16852 (2022). https://doi.org/
10.1021/acsnano.2c06749

M. Jin, X. Feng, J. Xi, J. Zhai, K. Cho et al., Super-
hydrophobic PDMS surface with ultra-low adhesive force.

@ Springer


https://doi.org/10.1016/j.cis.2011.08.005
https://doi.org/10.1016/j.cis.2011.08.005
https://doi.org/10.1016/j.cis.2021.102584
https://doi.org/10.1016/j.colsurfa.2016.11.001
https://doi.org/10.1016/j.colsurfa.2016.11.001
https://doi.org/10.1039/c3nr01710a
https://doi.org/10.1039/c3nr01710a
https://doi.org/10.1126/sciadv.aaw9727
https://doi.org/10.1126/sciadv.aaw9727
https://doi.org/10.1016/j.molliq.2023.121736
https://doi.org/10.1016/j.molliq.2023.121736
https://doi.org/10.1002/marc.200700733
https://doi.org/10.1002/marc.200700733
https://doi.org/10.1007/s11998-017-0011-x
https://doi.org/10.1007/s11998-017-0011-x
https://doi.org/10.1016/j.ceramint.2016.02.105
https://doi.org/10.1016/j.ceramint.2016.02.105
https://doi.org/10.1016/j.apsusc.2023.156484
https://doi.org/10.1016/j.jmrt.2023.01.015
https://doi.org/10.1016/j.porgcoat.2020.106117
https://doi.org/10.1021/am400429q
https://doi.org/10.1021/la902882b10.1021/la902882b
https://doi.org/10.1016/j.ceramint.2023.05.044
https://doi.org/10.1016/j.ceramint.2023.05.044
https://doi.org/10.3390/app13095478
https://doi.org/10.3390/app13095478
https://doi.org/10.1002/ange.200353381
https://doi.org/10.1021/acsami.6b04108
https://doi.org/10.1021/acsami.6b04108
https://doi.org/10.1016/j.jcis.2018.07.056
https://doi.org/10.1016/j.jcis.2018.07.056
https://doi.org/10.1016/j.matchemphys.2023.127808
https://doi.org/10.1016/j.matchemphys.2023.127808
https://doi.org/10.1038/nature08729
https://doi.org/10.1038/nature08729
https://doi.org/10.1016/j.surfcoat.2021.127279
https://doi.org/10.1016/j.diamond.2018.05.009
https://doi.org/10.1016/j.diamond.2018.05.009
https://doi.org/10.1016/j.jallcom.2019.152968
https://doi.org/10.1016/j.jallcom.2019.152968
https://doi.org/10.1021/acsnano.2c06749
https://doi.org/10.1021/acsnano.2c06749

68

Page 24 of 29

Nano-Micro Lett. (2024) 16:68

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Macromol. Rapid Comm. 26(22), 1805-1809 (2005).
https://doi.org/10.1002/marc.200500458

Y. Yang, X. Li, X. Zheng, Z. Chen, Q. Zhou et al.,
3D-printed biomimetic super-hydrophobic structure for
microdroplet manipulation and oil/water separation. Adv.
Mater. 30(9), 1704912 (2018). https://doi.org/10.1002/
adma.201704912

X. Hong, X. Gao, L. Jiang, Application of superhydropho-
bic surface with high adhesive force in no lost transport of
superparamagnetic microdroplet. J. Am. Chem. Soc. 129(6),
1478-1479 (2007). https://doi.org/10.1021/ja065537¢c

S. Feng, J. Delannoy, A. Malod, H. Zheng, D. Quéré et al.,
Tip-induced flipping of droplets on janus pillars: from local
reconfiguration to global transport. Sci. Adv. 6(28), 4540
(2020). https://doi.org/10.1126/sciadv.abb4540

Q. Sun, D. Wang, Y. Li, J. Zhang, S. Ye et al., Surface charge
printing for programmed droplet transport. Nat. Mater. 18(9),
936-941 (2019). https://doi.org/10.1038/s41563-019-0440-2

D. Guo, J. Xiao, J. Chen, Y. Liu, C. Yu et al., Superhydropho-
bic “aspirator”: toward dispersion and manipulation of micro/
nanoliter droplets. Small 11(35), 4491-4496 (2015). https://
doi.org/10.1002/sml11.201501023

T.T. Isimjan, T. Wang, S. Rohani, A novel method to prepare
superhydrophobic, UV resistance and anti-corrosion steel
surface. Chem. Eng. J. 210, 182-187 (2012). https://doi.org/
10.1016/j.c€j.2012.08.090

T. He, Y. Wang, Y. Zhang, T. Xu, T. Liu, Super-hydrophobic
surface treatment as corrosion protection for aluminum in
seawater. Corros. Sci. 51(8), 1757-1761 (2009). https://doi.
org/10.1016/j.corsci.2009.04.027

D.W. Li, H.Y. Wang, Y. Liu, D.S. Wei, Z.X. Zhao, Large-
scale fabrication of durable and robust super-hydrophobic
spray coatings with excellent repairable and anti-corrosion
performance. Chem. Eng. J. 367, 169-179 (2019). https://
doi.org/10.1016/j.cej.2019.02.093

T. Xiang, Y. Han, Z. Guo, R. Wang, S. Zheng et al., Fabrica-
tion of inherent anticorrosion superhydrophobic surfaces on
metals. ACS Sustain. Chem. Eng. 6(4), 5598-5606 (2018).
https://doi.org/10.1021/acssuschemeng.8b00639

Z. She, Q. Li, Z. Wang, L. Li, F. Chen et al., Researching
the fabrication of anticorrosion superhydrophobic surface on
magnesium alloy and its mechanical stability and durability.
Chem. Eng. J. 228, 415-424 (2013). https://doi.org/10.1016/j.
cej.2013.05.017

M. Ran, W. Zheng, H. Wang, Fabrication of superhydropho-
bic surfaces for corrosion protection: a review. Mater. Sci.
Tech. 35(3), 313-326 (2019). https://doi.org/10.1080/02670
836.2018.1560985

G. Xin, C. Wu, W. Liu, Y. Rong, Y. Huang, Anti-corrosion
superhydrophobic surfaces of al alloy based on micro-pro-
trusion array structure fabricated by laser direct writing. J.
Alloy. Compd. 881, 160649 (2021). https://doi.org/10.1016/j.
jallcom.2021.160649

N. Shirtcliffe, P. Roach, Superhydrophobicity for antifouling
microfluidic surfaces. Microfluidic Diagnostics: Methods and

© The authors

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Protocols 949, 269-281 (2013). https://doi.org/10.1007/978-
1-62703-134-9_18

M. Wang, Y. Zi, J. Zhu, W. Huang, Z. Zhang et al., Con-
struction of super-hydrophobic PDMS @MOF @ Cu mesh for
reduced drag, anti-fouling and self-cleaning towards marine
vehicle applications. Chem. Eng. J. 417, 129265 (2021).
https://doi.org/10.1016/j.cej.2021.129265

A.S. Anjum, K.C. Sun, M. Ali, R. Riaz, S.H. Jeong, Fabrica-
tion of coral-reef structured nano silica for self-cleaning and
super-hydrophobic textile applications. Chem. Eng. J. 401,
125859 (2020). https://doi.org/10.1016/j.cej.2020.125859
F. Sahin, N. Celik, A. Ceylan, S. Pekdemir, M. Ruzi et al.,
Antifouling superhydrophobic surfaces with bactericidal and
SERS activity. Chem. Eng. J. 431, 133445 (2022). https://doi.
org/10.1016/j.cej.2021.133445

L. Zhao, Q. Liu, R. Gao, J. Wang, W. Yang et al., One-step
method for the fabrication of superhydrophobic surface on
magnesium alloy and its corrosion protection, antifouling
performance. Corros. Sci. 80, 177-183 (2014). https://doi.
org/10.1016/j.corsci.2013.11.026

X. He, P. Cao, F. Tian, X. Bai, C. Yuan, Autoclaving-induced
in-situ grown hierarchical structures for construction of supe-
rhydrophobic surfaces: a new route to fabricate antifouling
coatings. Surf. Coat. Tech. 357, 180-188 (2019). https://doi.
org/10.1016/j.surfcoat.2018.10.015

Z. Cheng, M. Du, H. Lai, N. Zhang, K. Sun, From petal effect
to lotus effect: a facile solution immersion process for the
fabrication of super-hydrophobic surfaces with controlled
adhesion. Nanoscale 5(7), 2776-2783 (2013). https://doi.
org/10.1039/C3NR34256E

M. Spaeth, W. Barthlott, Lotus-effect®: biomimetic super-
hydrophobic surfaces and their application. Adv. Sci. Techn.
60, 38-46 (2009). https://doi.org/10.4028/www.scientific.net/
AST.60.38

M.M. Stanton, R.E. Ducker, J.C. MacDonald, C.R. Lambert,
W.G. McGimpsey, Super-hydrophobic, highly adhesive,
polydimethylsiloxane (PDMS) surfaces. J. Colloid Interf.
Sci. 367(1), 502-508 (2012). https://doi.org/10.1016/j.jcis.
2011.07.053

W.H. Huang, C.S. Lin, Robust superhydrophobic transpar-
ent coatings fabricated by a low-temperature sol—gel process.
Appl. Surf. Sci. 305, 702-709 (2014). https://doi.org/10.
1016/j.apsusc.2014.03.179

R. Wu, G. Chao, H. Jiang, Y. Hu, A. Pan, The superhydropho-
bic aluminum surface prepared by different methods. Mater.
Lett. 142, 176-179 (2015). https://doi.org/10.1016/j.matlet.
2014.12.007

L. Feng, S. Li, Y. Li, H. Li, L. Zhang et al., Super-hydropho-
bic surfaces: from natural to artificial. Adv. Mater. 14(24),
1857-1860 (2002). https://doi.org/10.1002/adma.200290020
D. Wang, Q. Sun, M.J. Hokkanen, C. Zhang, F.Y. Lin
et al., Design of robust superhydrophobic surfaces.
Nature 582(7810), 55-59 (2020). https://doi.org/10.1038/
s41586-020-2331-8

Z. Lei, P. Zheng, L. Niu, Y. Yang, J. Shen et al., Ultra-
light, robustly compressible and super-hydrophobic

https://doi.org/10.1007/s40820-023-01284-2


https://doi.org/10.1002/marc.200500458
https://doi.org/10.1002/adma.201704912
https://doi.org/10.1002/adma.201704912
https://doi.org/10.1021/ja065537c
https://doi.org/10.1126/sciadv.abb4540
https://doi.org/10.1038/s41563-019-0440-2
https://doi.org/10.1002/smll.201501023
https://doi.org/10.1002/smll.201501023
https://doi.org/10.1016/j.cej.2012.08.090
https://doi.org/10.1016/j.cej.2012.08.090
https://doi.org/10.1016/j.corsci.2009.04.027
https://doi.org/10.1016/j.corsci.2009.04.027
https://doi.org/10.1016/j.cej.2019.02.093
https://doi.org/10.1016/j.cej.2019.02.093
https://doi.org/10.1021/acssuschemeng.8b00639
https://doi.org/10.1016/j.cej.2013.05.017
https://doi.org/10.1016/j.cej.2013.05.017
https://doi.org/10.1080/02670836.2018.1560985
https://doi.org/10.1080/02670836.2018.1560985
https://doi.org/10.1016/j.jallcom.2021.160649
https://doi.org/10.1016/j.jallcom.2021.160649
https://doi.org/10.1007/978-1-62703-134-9_18
https://doi.org/10.1007/978-1-62703-134-9_18
https://doi.org/10.1016/j.cej.2021.129265
https://doi.org/10.1016/j.cej.2020.125859
https://doi.org/10.1016/j.cej.2021.133445
https://doi.org/10.1016/j.cej.2021.133445
https://doi.org/10.1016/j.corsci.2013.11.026
https://doi.org/10.1016/j.corsci.2013.11.026
https://doi.org/10.1016/j.surfcoat.2018.10.015
https://doi.org/10.1016/j.surfcoat.2018.10.015
https://doi.org/10.1039/C3NR34256E
https://doi.org/10.1039/C3NR34256E
https://doi.org/10.4028/www.scientific.net/AST.60.38
https://doi.org/10.4028/www.scientific.net/AST.60.38
https://doi.org/10.1016/j.jcis.2011.07.053
https://doi.org/10.1016/j.jcis.2011.07.053
https://doi.org/10.1016/j.apsusc.2014.03.179
https://doi.org/10.1016/j.apsusc.2014.03.179
https://doi.org/10.1016/j.matlet.2014.12.007
https://doi.org/10.1016/j.matlet.2014.12.007
https://doi.org/10.1002/adma.200290020
https://doi.org/10.1038/s41586-020-2331-8
https://doi.org/10.1038/s41586-020-2331-8

Nano-Micro Lett.

(2024) 16:68

Page 25 0f29 68

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

biomass-decorated carbonaceous melamine sponge for oil/
water separation with high oil retention. Appl. Surf. Sci. 489,
922-929 (2019). https://doi.org/10.1016/j.apsusc.2019.06.
025

H. Wang, M. Liang, J. Gao, Z. He, S. Tian et al., Super-
hydrophobic coating prepared by mechanical milling method.
J. Coat. Technol. Res. 19, 587-595 (2022). https://doi.org/10.
1007/511998-021-00546-1

T. Kemala, E. Budianto, B. Soegiyono, Preparation and char-
acterization of microspheres based on blend of poly (lactic
acid) and poly (e-caprolactone) with poly (vinyl alcohol) as
emulsifier. Arab. J. Chem. 5(1), 103—-108 (2012). https://doi.
org/10.1016/j.arabjc.2010.08.003

K. Sahil, M. Akanksha, S. Premjeet, A. Bilandi, B. Kapoor,
Microsphere: a review. Int. J. Res. Pharm. Chem. 1(4),
1184-1198 (2011). https://doi.org/10.5958/2321-5844.2016.
00006.6

M. Lengyel, N. Kéllai-Szabd, V. Antal, A.J. Laki, I. Antal,
Microparticles, microspheres, and microcapsules for
advanced drug delivery. Sci. Pharm. 87(3), 20 (2019). https://
doi.org/10.3390/scipharm87030020

S. Wintzheimer, T. Granath, M. Oppmann, T. Kister, T. Thai
et al., Supraparticles: functionality from uniform structural
motifs. ACS Nano 12(6), 5093-5120 (2018). https://doi.org/
10.1021/acsnano.8b00873

H. Tan, S. Wooh, H.J. Butt, X. Zhang, D. Lohse, Porous
supraparticle assembly through self-lubricating evaporat-
ing colloidal ouzo drops. Nat. Commun. 10(1), 478 (2019).
https://doi.org/10.1038/s41467-019-08385-w

LM. Bjgrge, A.M. Costa, A.S. Silva, J.P. Vidal, .M. Nobrega
et al., Tuneable spheroidal hydrogel particles for cell and
drug encapsulation. Soft Matter 14(27), 5622-5627 (2018).
https://doi.org/10.1039/c8sm00921j

W. Song, A.C. Lima, J.F. Mano, Bioinspired methodology
to fabricate hydrogel spheres for multi-applications using
superhydrophobic substrates. Soft Matter 6(23), 5868-5871
(2010). https://doi.org/10.1039/COSM00901F

X. Deng, M. Paven, P. Papadopoulos, M. Ye, S. Wu et al.,
Solvent-free synthesis of microparticles on superamphipho-
bic surfaces. Angew. Chem. Int. Ed. 125(43), 11496-11499
(2013). https://doi.org/10.1002/ange.201302903

J. Song, W. Zhang, D. Wang, Y. Fan, C. Zhang et al., Poly-
meric microparticles generated via confinement-free fluid
instability. Adv. Mater. 33(22), 2007154 (2021). https://doi.
org/10.1002/adma.202007154

M.I. Rial-Hermida, N.M. Oliveira, A. Concheiro, C. Alvarez-
Lorenzo, J. Mano, Bioinspired superamphiphobic surfaces as a
tool for polymer-and solvent-independent preparation of drug-
loaded spherical particles. Acta Biomater. 10(10), 43144322
(2014). https://doi.org/10.1016/j.actbio.2014.06.009

S. Wooh, H. Huesmann, M.N. Tahir, M. Paven, K. Wichmann
et al., Synthesis of mesoporous supraparticles on superam-
phiphobic surfaces. Adv. Mater. 27(45), 7338-7343 (2015).
https://doi.org/10.1002/adma.201503929

J. Kim, H. Hwang, H.J. Butt, S. Wooh, Designing the shape of
supraparticles by controlling the apparent contact angle and

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

contact line friction of droplets. J. Colloid Interf. Sci. 588,
157-163 (2021). https://doi.org/10.1016/j.jcis.2020.12.072
X. Deng, L. Mammen, H.J. Butt, D. Vollmer, Candle soot as
a template for a transparent robust superamphiphobic coating.
Science 335, 67-70 (2012). https://doi.org/10.1126/science.
1207115

Y. Huang, J. Zhou, B. Su, L. Shi, J. Wang et al., Colloidal
photonic crystals with narrow stopbands assembled from
low-adhesive superhydrophobic substrates. J. Am. Chem.
Soc. 134(41), 17053-17058 (2012). https://doi.org/10.1021/
ja304751k

M.B. Bigdeli, P.A. Tsai, Making photonic crystals via evap-
oration of nanoparticle-laden droplets on superhydropho-
bic microstructures. Langmuir 36(17), 4835-4841 (2020).
https://doi.org/10.1021/acs.langmuir.0c00193

A.M. Costa, J.F. Mano, Solvent-free strategy yields size and
shape-uniform capsules. J. Am. Chem. Soc. 139(3), 1057-
1060 (2017). https://doi.org/10.1021/jacs.6b11925

A.M. Puga, A.C. Lima, J.F. Mano, A. Concheiro, C. Alvarez-
Lorenzo, Pectin-coated chitosan microgels crosslinked on
superhydrophobic surfaces for 5-fluorouracil encapsulation.
Carbohyd. Polym. 98(1), 331-340 (2013). https://doi.org/10.
1016/j.carbpol.2013.05.091

A.C. Lima, W. Song, B. Blanco-Fernandez, C. Alvarez-
Lorenzo, J.F. Mano, Synthesis of temperature-responsive
dextran-MA/PNIPAAm particles for controlled drug
delivery using superhydrophobic surfaces. Pharm. Res-
Dordr. 28(6), 1294-1305 (2011). https://doi.org/10.1007/
s11095-011-0380-2

T. Takei, K. Araki, K. Terazono, Y. Ozuno, G. Hayase et al.,
Highly efficient encapsulation of ingredients in poly (methyl
methacrylate) capsules using a superoleophobic material.
Polym. Polym. Compos. 25(2), 129-134 (2017). https://doi.
org/10.1177/096739111702500202

A.M. Costa, M. Alatorre-Meda, N.M. Oliveira, J.F. Mano,
Biocompatible polymeric microparticles produced by a
simple biomimetic approach. Langmuir 30(16), 4535-4539
(2014). https://doi.org/10.1021/1a500286v

S. Kulinich, M. Farzaneh, Ice adhesion on super-hydrophobic
surfaces. Appl. Surf. Sci. 255(18), 8153-8157 (2009). https://
doi.org/10.1016/j.apsusc.2009.05.033

S. Sakai, K. Kawakami, Synthesis and characterization of
both ionically and enzymatically cross-linkable alginate. Acta
Biomater. 3(4), 495-501 (2007). https://doi.org/10.1016/j.
actbio.2006.12.002

Y. Baimark, Y. Srisuwan, Preparation of alginate micro-
spheres by water-in-oil emulsion method for drug delivery:
effect of Ca®* post-cross-linking. Adv. Powder Technol.
25(5), 1541-1546 (2014). https://doi.org/10.1016/j.apt.2014.
05.001

T. Nakaoki, H. Yamashita, Bound states of water in poly
(vinyl alcohol) hydrogel prepared by repeated freezing and
melting method. J. Mol. Struct. 875(1-3), 282-287 (2008).
https://doi.org/10.1016/j.molstruc.2007.04.040

H. Adelnia, R. Ensandoost, S.S. Moonshi, J.N. Gavgani, E.I.
Vasafi et al., Freeze/thawed polyvinyl alcohol hydrogels:

@ Springer


https://doi.org/10.1016/j.apsusc.2019.06.025
https://doi.org/10.1016/j.apsusc.2019.06.025
https://doi.org/10.1007/s11998-021-00546-1
https://doi.org/10.1007/s11998-021-00546-1
https://doi.org/10.1016/j.arabjc.2010.08.003
https://doi.org/10.1016/j.arabjc.2010.08.003
https://doi.org/10.5958/2321-5844.2016.00006.6
https://doi.org/10.5958/2321-5844.2016.00006.6
https://doi.org/10.3390/scipharm87030020
https://doi.org/10.3390/scipharm87030020
https://doi.org/10.1021/acsnano.8b00873
https://doi.org/10.1021/acsnano.8b00873
https://doi.org/10.1038/s41467-019-08385-w
https://doi.org/10.1039/c8sm00921j
https://doi.org/10.1039/C0SM00901F
https://doi.org/10.1002/ange.201302903
https://doi.org/10.1002/adma.202007154
https://doi.org/10.1002/adma.202007154
https://doi.org/10.1016/j.actbio.2014.06.009
https://doi.org/10.1002/adma.201503929
https://doi.org/10.1016/j.jcis.2020.12.072
https://doi.org/10.1126/science.1207115
https://doi.org/10.1126/science.1207115
https://doi.org/10.1021/ja304751k
https://doi.org/10.1021/ja304751k
https://doi.org/10.1021/acs.langmuir.0c00193
https://doi.org/10.1021/jacs.6b11925
https://doi.org/10.1016/j.carbpol.2013.05.091
https://doi.org/10.1016/j.carbpol.2013.05.091
https://doi.org/10.1007/s11095-011-0380-2
https://doi.org/10.1007/s11095-011-0380-2
https://doi.org/10.1177/096739111702500202
https://doi.org/10.1177/096739111702500202
https://doi.org/10.1021/la500286v
https://doi.org/10.1016/j.apsusc.2009.05.033
https://doi.org/10.1016/j.apsusc.2009.05.033
https://doi.org/10.1016/j.actbio.2006.12.002
https://doi.org/10.1016/j.actbio.2006.12.002
https://doi.org/10.1016/j.apt.2014.05.001
https://doi.org/10.1016/j.apt.2014.05.001
https://doi.org/10.1016/j.molstruc.2007.04.040

68

Page 26 of 29

Nano-Micro Lett. (2024) 16:68

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

present, past and future. Eur. Polym. J. 164, 110974 (2022).
https://doi.org/10.1016/j.eurpolym;j.2021.110974

W. Fan, W. Yan, Z. Xu, H. Ni, Formation mechanism of
monodisperse, low molecular weight chitosan nanoparticles

by ionic gelation technique. Colloid. Surface. B 90, 21-27
(2012). https://doi.org/10.1016/j.colsurfb.2011.09.042

J. Liang, W. Liu, G. Yang, B. Zeng, C. Fu et al., Rapid
preparation of hierarchically porous ceramic microspheres
based on UV-curing-assisted molding. J. Eur. Ceram. Soc.
41(16), 232-238 (2021). https://doi.org/10.1016/j.jeurc
eramsoc.2021.09.033

W. Liu, J. Liang, G. Yang, M. Huang, C. Fu et al., Novel
strategy to prepare hierarchically porous ceramic micro-
spheres via a self-assembly method on tunable superam-
phiphobic surfaces. ACS Appl. Mater. Interfaces 12(40),
45429-45436 (2020). https://doi.org/10.1021/acsami.0c053
24

R. Luo, Y. Cao, P. Shi, C.H. Chen, Near-infrared light respon-
sive multi-compartmental hydrogel particles synthesized
through droplets assembly induced by superhydrophobic sur-
face. Small 10, 4886-4894 (2014). https://doi.org/10.1002/
smll.201401312

A.M. Costa, M. Alatorre-Meda, C. Alvarez-Lorenzo, J.F.
Mano, Superhydrophobic surfaces as a tool for the fabrication
of hierarchical spherical polymeric carriers. Small 11(30),
3648-3652 (2015). https://doi.org/10.1002/smll.201500192
T. Shpigel, A. Uziel, D.Y. Lewitus, Sphrint-printing drug
delivery microspheres from polymeric melts. Eur. J. Pharm.
Biopharm. 127, 398—406 (2018). https://doi.org/10.1016/j.
€jpb.2018.03.006

Y. Fan, D.H. Wang, J.L. Yang, J.N. Song, X.M. Li et al.,
Top-down approach for fabrication of polymer microspheres
by interfacial engineering. Chin. J. Polym. Sci. 38(12), 1286—
1293 (2020). https://doi.org/10.1007/s10118-020-2453-3

P.B. O’Donnell, J.W. McGinity, Preparation of microspheres
by the solvent evaporation technique. Adv. Drug Deliver. Rev.
28(1), 25-42 (1997). https://doi.org/10.1016/s0169-409x(97)
00049-5

A.S. Utada, A. Fernandez-Nieves, J.M. Gordillo, D.A. Weitz,
Absolute instability of a liquid jet in a coflowing stream.
Phys. Rev. Lett. 100(1), 014502 (2008). https://doi.org/10.
1103/physrevlett.100.014502

J.D. McGraw, J. Li, D.L. Tran, A.C. Shi, K. Dalnoki-Veress,
Plateau-rayleigh instability in a torus: formation and breakup
of a polymer ring. Soft Matter 6(6), 1258-1262 (2010).
https://doi.org/10.1039/B919630G

R. Mead-Hunter, A.J. King, B.J. Mullins, Plateau rayleigh
instability simulation. Langmuir 28(17), 6731-6735 (2012).
https://doi.org/10.1021/1a300622h

S.M. Emarati, M. Mozammel, Theoretical, fundamental
and experimental study of liquid-repellency and corrosion
resistance of fabricated superamphiphobic surface on Al alloy
2024. Chem. Eng. J. 387, 124046 (2020). https://doi.org/10.
1016/j.cej.2020.124046

L. Jiao, Q. Xu, J. Tong, S. Liu, Y. Hu et al., Facile preparation
of pliable superamphiphobic papers with high and durable

© The authors

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

liquid repellency for anti-corrosion and open surface micro-
fluidics. Appl. Surf. Sci. 606, 154845 (2022). https://doi.org/
10.1016/j.apsusc.2022.154845

B. Zhang, Y. Zeng, J. Wang, Y. Sun, J. Zhang et al., Superam-
phiphobic aluminum alloy with low sliding angles and acid-
alkali liquids repellency. Mater. Design 188, 108479 (2020).
https://doi.org/10.1016/j.matdes.2020.108479

Q. Wu, A. Gao, F. Tao, P. Yang, Understanding biomolecular
crystallization on amyloid-like superhydrophobic biointer-
face. Adv. Mater. Interfaces 5(6), 1701065 (2018). https://
doi.org/10.1002/admi.201701065

A. Gao, Q. Wu, D. Wang, Y. Ha, Z. Chen et al., A superhy-
drophobic surface templated by protein self-assembly and
emerging application toward protein crystallization. Adv.
Mater. 28(3), 579-587 (2016). https://doi.org/10.1002/adma.
201504769

F. Gentile, M.L. Coluccio, N. Coppede, F. Mecarini, G. Das
et al., Superhydrophobic surfaces as smart platforms for the
analysis of diluted biological solutions. ACS Appl. Mater.
Interfaces 4(6), 3213-3224 (2012). https://doi.org/10.1021/
am300556w

L. Jiao, J. Tong, Y. Wu, Y. Hu, H. Wu et al., Self-assembly
of supraparticles on a lubricated-superamphiphobic patterned
surface. Appl. Surf. Sci. 576, 151684 (2022). https://doi.org/
10.1016/j.apsusc.2021.151684

H. Tan, S. Wooh, H.J. Butt, X. Zhang, D. Lohse, Porous
supraparticle assembly through self-lubricating evaporat-
ing colloidal ouzo drops. Nat. Commun. 10(1), 1-8 (2019).
https://doi.org/10.1038/s41467-019-08385-w

L. Jiao, Y. Wu, Y. Hu, Q. Guo, H. Wu et al., Mosaic patterned
surfaces toward generating hardly-volatile capsular droplet
arrays for high-precision droplet-based storage and detection.
Small 19(14), 2206274 (2023). https://doi.org/10.1002/smll.
202206274

T. Sekido, S. Wooh, R. Fuchs, M. Kappl, Y. Nakamura et al.,
Controlling the structure of supraballs by pH-responsive par-
ticle assembly. Langmuir 33(8), 1995-2002 (2017). https://
doi.org/10.1021/acs.langmuir.6b04648

V. Rastogi, A.A. Garcia, M. Marquez, O.D. Velev, Aniso-
tropic particle synthesis inside droplet templates on superhy-
drophobic surfaces. Macromol. Rapid Comm. 31(2), 190-195
(2010). https://doi.org/10.1002/marc.200900587

M. Hu, H.J. Butt, K. Landfester, M.B. Bannwarth, S. Wooh
et al., Shaping the assembly of superparamagnetic nanopar-
ticles. ACS Nano 13(3), 3015-3022 (2019). https://doi.org/
10.1021/acsnano.8b07783

W. Liu, M. Kappl, H.J. Butt, Tuning the porosity of suprapar-
ticles. ACS Nano 13(12), 13949-13956 (2019). https://doi.
org/10.1021/acsnano.9b05673

V. Rastogi, S. Melle, O.G. Calderén, A.A. Garcia, M. Mar-
quez et al., Synthesis of light-diffracting assemblies from
microspheres and nanoparticles in droplets on a superhy-
drophobic surface. Adv. Mater. 20(22), 4263—-4268 (2008).
https://doi.org/10.1002/adma.200703008

S.S. Liu, C.F. Wang, X.Q. Wang, J. Zhang, Y. Tian et al.,
Tunable janus colloidal photonic crystal supraballs with dual

https://doi.org/10.1007/s40820-023-01284-2


https://doi.org/10.1016/j.eurpolymj.2021.110974
https://doi.org/10.1016/j.colsurfb.2011.09.042
https://doi.org/10.1016/j.jeurceramsoc.2021.09.033
https://doi.org/10.1016/j.jeurceramsoc.2021.09.033
https://doi.org/10.1021/acsami.0c05324
https://doi.org/10.1021/acsami.0c05324
https://doi.org/10.1002/smll.201401312
https://doi.org/10.1002/smll.201401312
https://doi.org/10.1002/smll.201500192
https://doi.org/10.1016/j.ejpb.2018.03.006
https://doi.org/10.1016/j.ejpb.2018.03.006
https://doi.org/10.1007/s10118-020-2453-3
https://doi.org/10.1016/s0169-409x(97)00049-5
https://doi.org/10.1016/s0169-409x(97)00049-5
https://doi.org/10.1103/physrevlett.100.014502
https://doi.org/10.1103/physrevlett.100.014502
https://doi.org/10.1039/B919630G
https://doi.org/10.1021/la300622h
https://doi.org/10.1016/j.cej.2020.124046
https://doi.org/10.1016/j.cej.2020.124046
https://doi.org/10.1016/j.apsusc.2022.154845
https://doi.org/10.1016/j.apsusc.2022.154845
https://doi.org/10.1016/j.matdes.2020.108479
https://doi.org/10.1002/admi.201701065
https://doi.org/10.1002/admi.201701065
https://doi.org/10.1002/adma.201504769
https://doi.org/10.1002/adma.201504769
https://doi.org/10.1021/am300556w
https://doi.org/10.1021/am300556w
https://doi.org/10.1016/j.apsusc.2021.151684
https://doi.org/10.1016/j.apsusc.2021.151684
https://doi.org/10.1038/s41467-019-08385-w
https://doi.org/10.1002/smll.202206274
https://doi.org/10.1002/smll.202206274
https://doi.org/10.1021/acs.langmuir.6b04648
https://doi.org/10.1021/acs.langmuir.6b04648
https://doi.org/10.1002/marc.200900587
https://doi.org/10.1021/acsnano.8b07783
https://doi.org/10.1021/acsnano.8b07783
https://doi.org/10.1021/acsnano.9b05673
https://doi.org/10.1021/acsnano.9b05673
https://doi.org/10.1002/adma.200703008

Nano-Micro Lett.

(2024) 16:68

Page 27 0f 29 68

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

photonic band gaps. J. Mater. Chem. C 2(44), 9431-9438
(2014). https://doi.org/10.1039/c4tc01631a

W. Shim, C.S. Moon, H. Kim, H.S. Kim, H. Zhang et al., Tai-
loring the morphology of supraparticles by primary colloids

with different shapes, sizes and dispersities. Crystals 11(2),
79 (2021). https://doi.org/10.3390/cryst11020079

L. Pauchard, Y. Couder, Invagination during the collapse
of an inhomogeneous spheroidal shell. Epl-Europhys Lett.
66(5), 667 (2004). https://doi.org/10.1209/epl/i2003-10242-8
B. Yu, H. Cong, H. Yuan, X. Liu, Q. Peng et al., Preparation
of doughnut-like nanocomposite colloidal crystal particles
with enhanced light diffraction using drying self-assembly
method. Macromol. Rapid Comm. 11(2), 161-165 (2015).
https://doi.org/10.2174/1573413710666141105212715

R.D. Deegan, O. Bakajin, T.F. Dupont, G. Huber, S.R. Nagel
et al., Capillary flow as the cause of ring stains from dried
liquid drops. Nature 389(6653), 827-829 (1997). https://doi.
org/10.1038/39827

D.W. Lee, M.H. Jin, C.B. Lee, D. Oh, S.K. Ryi et al., Facile
synthesis of mesoporous silica and titania supraparticles by a
meniscus templating route on a superhydrophobic surface and
their application to adsorbents. Nanoscale 6(7), 3483-3487
(2014). https://doi.org/10.1039/c3nr05501a

A. Accardo, F. Di Stasio, M. Burghammer, C. Riekel, R.
Krahne, Nanocrystal self-assembly into hollow dome-shaped
microstructures by slow solvent evaporation on superhydro-
phobic substrates. Part. Part. Syst. Char. 32(5), 524-528
(2015). https://doi.org/10.1002/ppsc.201400205

L. Chen, J.R. Evans, Drying of colloidal droplets on super-
hydrophobic surfaces. J. Colloid Interf. Sci. 351(1), 283287
(2010). https://doi.org/10.1016/].jcis.2010.07.037

M. Sperling, O.D. Velev, M. Gradzielski, Controlling the
shape of evaporating droplets by ionic strength: formation
of highly anisometric silica supraparticles. Angew. Chem.
Int. Ed. 53(2), 586590 (2014). https://doi.org/10.1002/anie.
201307401

M. Sperling, P. Papadopoulos, M. Gradzielski, Understanding
the formation of anisometric supraparticles: a mechanistic
look inside droplets drying on a superhydrophobic surface.
Langmuir 32(27), 6902-6908 (2016). https://doi.org/10.1021/
acs.langmuir.6b01236

M. Sperling, V.J. Spiering, O.D. Velev, M. Gradzielski, Con-
trolled formation of patchy anisometric fumed silica supra-
particles in droplets on bent superhydrophobic surfaces. Part
Part Syst. Char. 34(1), 1600176 (2017). https://doi.org/10.
1002/ppsc.201600176

Y. Hu, B. Zhao, S. Lin, X. Deng, L. Chen, Evaporation and
particle deposition of bi-component colloidal droplets on
a superhydrophobic surface. Int. J. Heat Mass Tran. 159,
120063 (2020). https://doi.org/10.1016/j.ijheatmasstransfer.
2020.120063

J. Zhou, J. Yang, Z. Gu, G. Zhang, Y. Wei et al., Controllable
fabrication of noniridescent microshaped photonic crystal
assemblies by dynamic three-phase contact line behaviors
on superhydrophobic substrates. ACS Appl. Mater. Interfaces

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

7(40), 22644-22651 (2015). https://doi.org/10.1021/acsami.
5b07443

R.K. Shah, J.W. Kim, D.A. Weitz, Janus supraparticles by
induced phase separation of nanoparticles in droplets. Adv.
Mater. 21(19), 1949-1953 (2009). https://doi.org/10.1002/
adma.200803115

G. Yang, H. Zhong, R. Liu, Y. Li, B. Zou, In-situ aggregation
of ZnSe nanoparticles into supraparticles: shape control and
doping effects. Langmuir 29(6), 1970-1976 (2013). https://
doi.org/10.1021/1a304458q

Y. Xia, T.D. Nguyen, M. Yang, B. Lee, A. Santos et al., Self-
assembly of self-limiting monodisperse supraparticles from
polydisperse nanoparticles. Nat. Nanotechnol. 7(7), 479-479
(2012). https://doi.org/10.1038/nnano.2012.106

W. Liu, J. Midya, M. Kappl, H.J. Butt, A. Nikoubashman,
Segregation in drying binary colloidal droplets. ACS Nano
13(5), 4972-4979 (2019). https://doi.org/10.1021/acsnano.
9b00459

X.D. Meng, R. Al-Salman, J.P. Zhao, N. Borissenko, Y. Li
et al., Electrodeposition of 3D ordered macroporous germa-
nium from ionic liquids: A feasible method to make photonic
crystals with a high dielectric constant. Angew. Chem. Int.
Ed. 48(15), 2703-2707 (2009). https://doi.org/10.1002/anie.
200805252

X. Zhang, Y. Niu, J. Zhao, Y. Li, Self-assembly, structural
order and mechanism of y-Fe,0;@8Si0, ellipsoids induced
by magnetic fields. New J. Chem. 40(11), 9520-9525 (2016).
https://doi.org/10.1039/C6NJ01415A

G. von Freymann, V. Kitaev, B.V. Lotsch, G.A. Ozin, Bottom-
up assembly of photonic crystals. Chem. Soc. Rev. 42(7),
2528-2554 (2013). https://doi.org/10.1039/c2cs35309a

J. Hou, H. Zhang, Q. Yang, M. Li, Y. Song et al., Bio-inspired
photonic-crystal microchip for fluorescent ultratrace detec-
tion. Angew. Chem. Inter. Ed. 53(23), 5791-5795 (2014).
https://doi.org/10.1002/anie.201400686

J. Hou, H. Zhang, Q. Yang, M. Li, L. Jiang et al., Hydro-
philic-hydrophobic patterned molecularly imprinted photonic
crystal sensors for high-sensitive colorimetric detection of
tetracycline. Small 11(23), 2738-2742 (2015). https://doi.org/
10.1002/sml1l1.201403640

R. De Angelis, 1. Venditti, I. Fratoddi, F. De Matteis, P.
Prosposito et al., From nanospheres to microribbons: Self-
assembled eosin Y doped PMMA nanoparticles as photonic
crystals. J. Colloid Interf. Sci. 414, 24-32 (2014). https://doi.
org/10.1016/j.jcis.2013.09.045

M. Lj, X. Lai, C. Li, Y. Song, Recent advantages of colloi-
dal photonic crystals and their applications for luminescence
enhancement. Mater. Today Nano 6, 100039 (2019). https:/
doi.org/10.1016/j.mtnano.2019.100039

M.Y. Pan, X.B. Li, CJ. Xiong, X.Y. Chen, L.B. Wang et al.,
Robust and flexible colloidal photonic crystal films with
bending strain-independent structural colors for anticounter-
feiting. Part. Part. Syst. Char. 37(4), 7 (2020)

M.Y. Pan, C.Y. Wang, Y.F. Hu, X. Wang, L. Pan et al., Dual
optical information-encrypted/decrypted invisible photonic

@ Springer


https://doi.org/10.1039/c4tc01631a
https://doi.org/10.3390/cryst11020079
https://doi.org/10.1209/epl/i2003-10242-8
https://doi.org/10.2174/1573413710666141105212715
https://doi.org/10.1038/39827
https://doi.org/10.1038/39827
https://doi.org/10.1039/c3nr05501a
https://doi.org/10.1002/ppsc.201400205
https://doi.org/10.1016/j.jcis.2010.07.037
https://doi.org/10.1002/anie.201307401
https://doi.org/10.1002/anie.201307401
https://doi.org/10.1021/acs.langmuir.6b01236
https://doi.org/10.1021/acs.langmuir.6b01236
https://doi.org/10.1002/ppsc.201600176
https://doi.org/10.1002/ppsc.201600176
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120063
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120063
https://doi.org/10.1021/acsami.5b07443
https://doi.org/10.1021/acsami.5b07443
https://doi.org/10.1002/adma.200803115
https://doi.org/10.1002/adma.200803115
https://doi.org/10.1021/la304458q
https://doi.org/10.1021/la304458q
https://doi.org/10.1038/nnano.2012.106
https://doi.org/10.1021/acsnano.9b00459
https://doi.org/10.1021/acsnano.9b00459
https://doi.org/10.1002/anie.200805252
https://doi.org/10.1002/anie.200805252
https://doi.org/10.1039/C6NJ01415A
https://doi.org/10.1039/c2cs35309a
https://doi.org/10.1002/anie.201400686
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1002/smll.201403640
https://doi.org/10.1016/j.jcis.2013.09.045
https://doi.org/10.1016/j.jcis.2013.09.045
https://doi.org/10.1016/j.mtnano.2019.100039
https://doi.org/10.1016/j.mtnano.2019.100039

68

Page 28 of 29

Nano-Micro Lett. (2024) 16:68

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

patterns based on controlled wettability. Adv. Opt. Mater. 10,
2101268 (2021). https://doi.org/10.1002/adom.202101268

C. Xiong, J. Zhao, L. Wang, H. Geng, H. Xu et al., Trace
detection of homologues and isomers based on hollow
mesoporous silica sphere photonic crystals. Mater. Horiz.
4(5), 862-868 (2017). https://doi.org/10.1039/c7mh00447h

X.Y. Fan, M. Xu, W.Z. Liu, A. Kuchmizhak, L. Pattelli et al.,
Resolving molecular size and homologues with a self-assem-
bled metal-organic framework photonic crystal detector. ACS
Mater. Lett. 5(6), 1703-1709 (2023). https://doi.org/10.1021/
acsmaterialslett.3c00203

H. Yang, L. Pan, Y. Han, L. Ma, Y. Li et al., A visual water
vapor photonic crystal sensor with PVA/SiO, opal structure.
Appl. Surf. Sci. 423, 421-425 (2017). https://doi.org/10.
1016/j.apsusc.2017.06.140

M. Pan, L. Wang, S. Dou, J. Zhao, H. Xu et al., Recent
advances in colloidal photonic crystal-based anti-counter-
feiting materials. Crystals 9(8), 417 (2019). https://doi.org/
10.3390/cryst9080417

A.G. Marin, H. Gelderblom, A. Susarrey-Arce, A. van
Houselt, L. Lefferts et al., Building microscopic soccer balls
with evaporating colloidal fakir drops. Proc. Natl. Acad. Sci.
109(41), 16455-16458 (2012). https://doi.org/10.1073/pnas.
1209553109

M. Xiao, J. Liu, Z. Chen, W. Liu, C. Zhang et al., Magnetic
assembly and manipulation of janus photonic crystal supra-
particles from a colloidal mixture of spheres and ellipsoids.
J. Mater. Chem. C 9(35), 11788-11793 (2021). https://doi.
org/10.1039/D1TCO1543E

Z.Yu, C.F. Wang, L. Ling, L. Chen, S. Chen, Triphase micro-
fluidic-directed self-assembly: anisotropic colloidal photonic
crystal supraparticles and multicolor patterns made easy.
Angew. Chem. Int. Ed. 10(124), 2425-2428 (2012). https://
doi.org/10.1002/anie.201107126

J. Liu, M. Xiao, C. Li, H. Li, Z. Wu et al., Rugby-ball-like
photonic crystal supraparticles with non-close-packed struc-
tures and multiple magneto-optical responses. J. Mater.
Chem. C 7(47), 15042-15048 (2019). https://doi.org/10.
1039/C9TC05438C

S.J. Yeo, F. Tu, S.H. Kim, G.R. Yi, P.J. Yoo et al., Angle- and
strain-independent coloured free-standing films incorporating
non-spherical colloidal photonic crystals. Soft Matter 11(8),
1582-1588 (2015). https://doi.org/10.1039/c4sm02482f

K. Hou, J. Han, Z. Tang, Formation of supraparticles and
their application in catalysis. ACS Mater. Lett. 2(1), 95-106
(2019). https://doi.org/10.1021/acsmaterialslett.9b00446

J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Hori-
uchi et al., Understanding TiO, photocatalysis: mechanisms
and materials. Chem. Rev. 114(19), 9919-9986 (2014).
https://doi.org/10.1021/cr5001892

S.H. Ahn, D.J. Kim, W.S. Chi, J.H. Kim, Hierarchical dou-
ble-shell nanostructures of TiO, nanosheets on SnO, hol-
low spheres for high-efficiency, solid-state, dye-sensitized
solar cells. Adv. Funct. Mater. 24(32), 5037-5044 (2014).
https://doi.org/10.1002/adfm.201400774

© The authors

145

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

. C. Cheng, A. Amini, C. Zhu, Z. Xu, H. Song et al.,
Enhanced photocatalytic performance of TiO,-ZnO hybrid
nanostructures. Sci. Rep. 4(1), 4181 (2014). https://doi.org/
10.1038/srep04181

M. Sperling, H.J. Kim, O.D. Velev, M. Gradzielski, Active
steerable catalytic supraparticles shuttling on prepro-
grammed vertical trajectories. Adv. Mater. Interfaces 3(15),
1600095 (2016). https://doi.org/10.1002/admi.201600095

H.J. Kim, M. Sperling, O.D. Velev, M. Gradzielski, Silica
supraparticles with self-oscillatory vertical propulsion:
mechanism & theoretical description. Part. Part. Syst. Char.
39(7), 2200021 (2022). https://doi.org/10.1002/ppsc.20220
0021

H.E. Oguztiirk, L.J. Bauer, I. Mantouvalou, B. Kanngier,
O.D. Velev et al., Preparation of reinforced anisometric
patchy supraparticles for self-propulsion. Part. Part. Syst.
Char. 38(6), 2000328 (2021). https://doi.org/10.1002/ppsc.
202000328

L.H. Lim, D.G. Macdonald, G.A. Hill, Hydrolysis of starch
particles using immobilized barley a-amylase. Biochem.
Eng. J. 13(1), 53-62 (2003). https://doi.org/10.1016/S1369-
703X(02)00101-8

C. Yousry, M.M. Amin, A.H. Elshafeey, O.N.E.I. Gazayerly,
Ultrahigh verapamil-loaded controlled release polymeric
beads using superamphiphobic substrate: d-optimal statistical
design, in vitro and in vivo performance. Drug Deliv. 25(1),
1448-1460 (2018). https://doi.org/10.1080/10717544.2018.
1482974

A.C. Lima, C.R. Correia, M.B. Oliveira, J.F. Mano, Sequen-
tial ionic and thermogelation of chitosan spherical hydrogels
prepared using superhydrophobic surfaces to immobilize
cells and drugs. J. Bioact. Compat. Pol. 29(1), 50-65 (2014).
https://doi.org/10.1177/0883911513513660

E. Cal6, V.V. Khutoryanskiy, Biomedical applications of
hydrogels: a review of patents and commercial products. Eur.
Polym. J. 65, 252-267 (2015). https://doi.org/10.1016/j.eurpo
lymj.2014.11.024

E. Ruel-Gariepy, J.C. Leroux, In situ-forming hydrogels-
review of temperature-sensitive systems. Eur. J. Pharm. Biop-
harm. 58(2), 409-426 (2004). https://doi.org/10.1016/j.ejpb.
2004.03.019

P.M. Reddy, P. Venkatesu, Ionic liquid modifies the lower
critical solution temperature (LCST) of poly (N-isopropy-
lacrylamide) in aqueous solution. J. Phys. Chem. B 115(16),
4752-4757 (2011). https://doi.org/10.1021/jp201826v

Y.K. Jhon, R.R. Bhat, C. Jeong, O.J. Rojas, I. Szleifer et al.,
Salt-induced depression of lower critical solution tempera-
ture in a surface-grafted neutral thermoresponsive polymer.
Macromol. Rapid Comm. 27(9), 697-701 (2006). https://doi.
org/10.1002/marc.20060003 1

L. Hosta-Rigau, O. Shimoni, B. Stédler, F. Caruso, Advanced
subcompartmentalized microreactors: polymer hydrogel car-
riers encapsulating polymer capsules and liposomes. Small
9(21), 3573-3583 (2013). https://doi.org/10.1002/sml1.20130
0125

https://doi.org/10.1007/s40820-023-01284-2


https://doi.org/10.1002/adom.202101268
https://doi.org/10.1039/c7mh00447h
https://doi.org/10.1021/acsmaterialslett.3c00203
https://doi.org/10.1021/acsmaterialslett.3c00203
https://doi.org/10.1016/j.apsusc.2017.06.140
https://doi.org/10.1016/j.apsusc.2017.06.140
https://doi.org/10.3390/cryst9080417
https://doi.org/10.3390/cryst9080417
https://doi.org/10.1073/pnas.1209553109
https://doi.org/10.1073/pnas.1209553109
https://doi.org/10.1039/D1TC01543E
https://doi.org/10.1039/D1TC01543E
https://doi.org/10.1002/anie.201107126
https://doi.org/10.1002/anie.201107126
https://doi.org/10.1039/C9TC05438C
https://doi.org/10.1039/C9TC05438C
https://doi.org/10.1039/c4sm02482f
https://doi.org/10.1021/acsmaterialslett.9b00446
https://doi.org/10.1021/cr5001892
https://doi.org/10.1002/adfm.201400774
https://doi.org/10.1038/srep04181
https://doi.org/10.1038/srep04181
https://doi.org/10.1002/admi.201600095
https://doi.org/10.1002/ppsc.202200021
https://doi.org/10.1002/ppsc.202200021
https://doi.org/10.1002/ppsc.202000328
https://doi.org/10.1002/ppsc.202000328
https://doi.org/10.1016/S1369-703X(02)00101-8
https://doi.org/10.1016/S1369-703X(02)00101-8
https://doi.org/10.1080/10717544.2018.1482974
https://doi.org/10.1080/10717544.2018.1482974
https://doi.org/10.1177/0883911513513660
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1016/j.eurpolymj.2014.11.024
https://doi.org/10.1016/j.ejpb.2004.03.019
https://doi.org/10.1016/j.ejpb.2004.03.019
https://doi.org/10.1021/jp201826v
https://doi.org/10.1002/marc.200600031
https://doi.org/10.1002/marc.200600031
https://doi.org/10.1002/smll.201300125
https://doi.org/10.1002/smll.201300125

Nano-Micro Lett.

(2024) 16:68

Page 29 of 29 68

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

R. Chandrawati, F. Caruso, Biomimetic liposome-and polym-
ersome-based multicompartmentalized assemblies. Langmuir
28(39), 13798-13807 (2012). https://doi.org/10.1021/1a301
958v

A.C. Lima, C.A. Custddio, C. Alvarez-Lorenzo, J.F. Mano,
Biomimetic methodology to produce polymeric multilayered
particles for biotechnological and biomedical applications.
Small 9(15), 2487-2492 (2013). https://doi.org/10.1002/smll.
201202147

Z.Zha, X. Yue, Q. Ren, Z. Dai, Uniform polypyrrole nano-
particles with high photothermal conversion efficiency for
photothermal ablation of cancer cells. Adv. Mater. 25(5),
777-782 (2013). https://doi.org/10.1002/adma.201202211

Y. Dong, M. Gong, D. Huang, J. Gao, Q. Zhou, Shape mem-
ory, self-healing property, and NIR photothermal effect of
epoxy resin coating with polydopamine @polypyrrole nano-
particles. Prog. Org. Coat. 136, 105232 (2019). https://doi.
org/10.1016/j.porgcoat.2019.105232

D. Yang, B. Zhou, G. Han, Y. Feng, J. Ma et al., Flexible
transparent polypyrrole-decorated mxene-based film with
excellent photothermal energy conversion performance. ACS
Appl. Mater. Interfaces 13(7), 8909-8918 (2021). https://doi.
org/10.1021/acsami.0c20202

C. Schlaich, Y. Fan, P. Dey, J. Cui, Q. Wei et al., Universal,
surfactant-free preparation of hydrogel beads on superam-
phiphobic and slippery surfaces. Adv. Mater. Interfaces 5(7),
1701536 (2018). https://doi.org/10.1002/admi.201701536

A. Schoubben, P. Blasi, S. Giovagnoli, C. Rossi, M. Ricci,
Development of a scalable procedure for fine calcium alginate
particle preparation. Chem. Eng. J. 160(1), 363-369 (2010).
https://doi.org/10.1016/j.cej.2010.02.062

J.W. Krumpfer, T.J. McCarthy, Dip-coating crystallization on
a superhydrophobic surface: a million mounted crystals in a
1 cm? array. J. Am. Chem. Soc. 133(15), 5764-5766 (2011).
https://doi.org/10.1021/ja2011548

R. Nelson, M.R. Sawaya, M. Balbirnie, A.@. Madsen, C.
Riekel et al., Structure of the cross-f spine of amyloid-like
fibrils. Nature 435(7043), 773-778 (2005). https://doi.org/10.
1038/nature03680

C.Y. Zhang, H.F. Shen, Q.J. Wang, Y.Z. Guo, J. He et al., An
investigation of the effects of self-assembled monolayers on
protein crystallisation. Int. J. Mol. Sci. 14(6), 12329-12345
(2013). https://doi.org/10.3390/ijms 140612329

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

167

168.

169.

170.

171.

172.

173.

174.

175.

. F. Shao, T.W. Ng, O.W. Liew, J. Fu, T. Sridhar, Evaporative
preconcentration and cryopreservation of fluorescent ana-
lytes using superhydrophobic surfaces. Soft Matter 8(13),
3563-3569 (2012). https://doi.org/10.1039/C2SM07127D
L. Cai, F. Bian, L. Sun, H. Wang, Y. Zhao, Condensing-
enriched magnetic photonic barcodes on superhydrophobic
surface for ultrasensitive multiple detection. Lab Chip 19(10),
1783-1789 (2019). https://doi.org/10.1039/c91c00223e

L.P. Xu, Y. Chen, G. Yang, W. Shi, B. Dai et al., Ultratrace
DNA detection based on the condensing-enrichment effect
of superwettable microchips. Adv. Mater. 27(43), 6878—-6884
(2015). https://doi.org/10.1002/adma.201502982

Y. Sun, X. Chen, Y. Zheng, Y. Song, H. Zhang et al., Surface-
enhanced raman scattering trace-detection platform based on
continuous-rolling-assisted evaporation on superhydrophobic
surfaces. ACS Appl. Nano Mater. 3(5), 4767-4776 (2020).
https://doi.org/10.1021/acsanm.0c00745

M. Fan, F. Cheng, C. Wang, Z. Gong, C. Tang et al., SERS
optrode as a “fishing rod” to direct pre-concentrate analytes
from superhydrophobic surfaces. Chem. Commun. 51(10),
1965-1968 (2015). https://doi.org/10.1039/c4cc07928k

Z. Wang, L. Feng, D. Xiao, N. Li, Y. Li et al., A silver nanois-
lands on silica spheres platform: Enriching trace amounts of
analytes for ultrasensitive and reproducible sers detection.
Nanoscale 9(43), 16749-16754 (2017). https://doi.org/10.
1039/c7nr06987a

F. De Angelis, F. Gentile, F. Mecarini, G. Das, M. Moretti
et al., Breaking the diffusion limit with super-hydrophobic
delivery of molecules to plasmonic nanofocusing sers struc-
tures. Nat. Photonics 5(11), 682—-687 (2011). https://doi.org/
10.1038/nphoton.2011.222

H. Kang, Y.J. Heo, D.J. Kim, J.H. Kim, T.Y. Jeon et al., Drop-
let-guiding superhydrophobic arrays of plasmonic microposts
for molecular concentration and detection. ACS Appl. Mater.
Interfaces 9(42), 37201-37209 (2017). https://doi.org/10.
1021/acsami.7b11506

W. Song, D. Psaltis, K.B. Crozier, Superhydrophobic bull’s-
eye for surface-enhanced raman scattering. Lab Chip 14(20),
3907-3911 (2014). https://doi.org/10.1039/c41c00477a

@ Springer


https://doi.org/10.1021/la301958v
https://doi.org/10.1021/la301958v
https://doi.org/10.1002/smll.201202147
https://doi.org/10.1002/smll.201202147
https://doi.org/10.1002/adma.201202211
https://doi.org/10.1016/j.porgcoat.2019.105232
https://doi.org/10.1016/j.porgcoat.2019.105232
https://doi.org/10.1021/acsami.0c20202
https://doi.org/10.1021/acsami.0c20202
https://doi.org/10.1002/admi.201701536
https://doi.org/10.1016/j.cej.2010.02.062
https://doi.org/10.1021/ja2011548
https://doi.org/10.1038/nature03680
https://doi.org/10.1038/nature03680
https://doi.org/10.3390/ijms140612329
https://doi.org/10.1039/C2SM07127D
https://doi.org/10.1039/c9lc00223e
https://doi.org/10.1002/adma.201502982
https://doi.org/10.1021/acsanm.0c00745
https://doi.org/10.1039/c4cc07928k
https://doi.org/10.1039/c7nr06987a
https://doi.org/10.1039/c7nr06987a
https://doi.org/10.1038/nphoton.2011.222
https://doi.org/10.1038/nphoton.2011.222
https://doi.org/10.1021/acsami.7b11506
https://doi.org/10.1021/acsami.7b11506
https://doi.org/10.1039/c4lc00477a

	Superhydrophobic Surface-Assisted Preparation of Microspheres and Supraparticles and Their Applications
	Highlights
	Abstract 

	1 Introduction
	2 SHS-Assisted Fabrication Strategies for Versatile Microspheres and Supraparticles
	2.1 Cross-linking Curing Strategy
	2.2 Polymer Melting Method
	2.3 Droplet Template Evaporation Strategy
	2.3.1 Droplet Template Evaporation Strategy for Constructing Microspheres
	2.3.2 Droplet Template Evaporation Strategy for Constructing Supraparticles
	2.3.2.1 Fabricating Supraparticles with Controllable Sizes 
	2.3.2.2 Constructing Supraparticles with Diverse Morphologies 
	2.3.2.3 Creating Supraparticles with Various Structures 
	2.3.2.4 Designing Supraparticles with Specific Properties 



	3 Applications of Supraparticles and Microspheres Fabricated by SHS-Assisted Strategies
	3.1 Colloidal Photonic Crystals
	3.2 Catalysts
	3.3 Biomedicines
	3.4 Driven Crystallization
	3.5 Trace Analyte Detection

	4 Summary and Future Perspective
	Acknowledgements 
	References


