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A B S T R A C T

Supraparticles are agglomerates of nano- and/or microparticles with sizes ranging from tens to hundreds of
microns, making them more accessible for handling and recovery than the building blocks. Supraparticles not
only inherit the properties and functions of primary particles but also exhibit characteristics such as high
porosity, large specific surface area, and improved functionalities, which can be attributed to the synergism,
coupling, and co-localization among the constituents. Therefore, supraparticles hold promising applications in
catalysis, drug delivery, sensing, etc. Among the various synthesizing strategies, evaporating droplets on a liquid-
repellent surface is proposed as an effective approach to fabricate supraparticles with unique structural features
and functions. The boundary conditions of such droplet-confinement methods significantly drive the formation of
supraparticles by reducing or avoiding the use of solvents or processing liquids, which further accelerates the
development and utilization of supraparticles. This paper presents an overview of recent developments in the
fabrication of supraparticles by evaporating droplets on liquid-repellent surfaces. The review focuses on the
evaporation processes on lubricant and superhydrophobic surfaces, structural regulation, and applications of
supraparticles. Finally, an outlook on the future directions of evaporation on liquid-repellent surfaces mediated
supraparticle fabrication is presented.

1. Introduction

Supraparticles are agglomerates formed by primary nano- or mi-
croparticles assembly. These primary particles can combine in different
types to endow the supraparticles with integrated functionalities or
assemble a single component into complex structures [1–6]. As assem-
bled structures, supraparticles alleviate processing difficulties and
environmental risks associated with the high mobility of nanoparticles,
enhancing material controllability and recyclability. Further, in-
teractions (e.g., synergism, coupling, and colocalization) among the
confined constituent particles enable supraparticles to exhibit enhanced
properties derived from the primary particles and generate new features
(i.e., porosity and large specific surface area) [6,7], highlighting po-
tential applications across various fields [4,8]. The high specific surface
area of supraparticles makes them suitable for catalysis and pollutant
detection [6,8,9]. A high porosity allows the supraparticles to serve as
delivery systems for biological organisms [10]. Further, the assembled

structures exhibit enhanced light capture and absorption efficiency,
making them applicable in solar cell devices with improved photoelec-
tric conversion efficiency [11].

Based on the structural characteristics of supraparticles and their
prospects in different fields, researchers developed a series of assembly/
synthesis methods to construct supraparticles with specific structures
and functionalities [6,12–15]. These methods are broadly categorized
into thermodynamics/kinetics-controlled assembly and template-
controlled assembly methods. The former assembles supraparticles
through weak interactions (e.g., hydrogen bonding, dipole-dipole in-
teractions, solvophobic interactions) by involving coupling agents, li-
gands, and oligomers [16–20]. The latter confines the primary particles
by utilizing templates, such as emulsions/microemulsions, block co-
polymers, and microfluidic droplets, and it drives the supraparticle as-
sembly through the subsequent solvent removal [21–24]. Although
suitable for large-scale production, aforementioned methods depend
greatly on chemicals that generate large amounts of organic wastes,
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which include solvents, cross-linking agents, and surfactants. Mean-
while, the as-prepared supraparticles require tedious purification
treatments, increasing their complexity and energy consumption
[25–27]. Therefore, exploiting green supraparticle fabrication strategies
with low energy consumption is important for reducing or avoiding the
use of organic solvents, emulsifiers, templates, and processing liquids.

In the past decade, evaporation-mediated self-assembly has been
proposed as an effective approach for supraparticle fabrication, wherein
supraparticles are formed on super-liquid-repellent surfaces (super-
hydrophobic surfaces and lubricant (− infused) surfaces) [5,28–32]. A
deposited water droplet partially wets the surface and forms a spherical
cap on general hydrophobic surfaces. During evaporation, the gas-
liquid-solid three-phase contact line is mostly pinned, leading to a
contact angle below 90◦ and faster water evaporation near the contact
line. Anisotropic evaporation resulted in liquid flows from the center of
the droplet towards the contact line, thereby driving the aggregation of
primary particles towards the periphery and forming a ring- or donut-
shaped structure [15,33,34]. Compared to hydrophobic surfaces,
superhydrophobic surfaces have a water contact angle (WCA) that ex-
ceeds 150◦. Consequently, the contact area between the droplet and the
substrate is very small (≪V2/3). The contact line shrinks with droplet
evaporation while the droplet remains spherical, thereby forming an
almost spherical supraparticle [5,31,35–37]. Although the apparent
contact angle is below 150◦, water droplet on a lubricant (− infused)
surface in a non-wetting state with contact line pinning are eliminated,
which can drive the particles inside the droplet to form supraparticles
after evaporation. The composition of the initial droplets, interactions
between primary particles, evaporation conditions, and external elec-
tric/magnetic fields significantly affect the characteristics of as-
prepared supraparticles [5,15,32,38–40]. In addition, supraparticles
can be obtained without post-processing, and therefore, evaporation-
mediated particle assembly on super-liquid-repellent surfaces has been
proposed as a green and effective strategy to fabricate supraparticles and
promote the application of materials with supraparticles. This review
introduces the basic droplet evaporation mechanism on super-liquid-
repellent surfaces. An overview of the fabrication and regulation of
supraparticles mediated by evaporating dispersion drops on super-
liquid-repellent surfaces is provided. Finally, we present representa-
tive applications of the as-prepared supraparticles and provide an
outlook on the future development directions of evaporation-mediated
supraparticle fabrication.

2. Droplet evaporation mechanism on liquid-repellent surfaces

Droplet evaporation plays an essential role in supraparticle forma-
tion, with the evaporation behavior directly relying on the surface
structure and repellency. The wettability of a surface is controlled by
surface chemistry, which determines surface energy, and morphology,
which affects roughness. Indeed, the characteristics of a liquid play an
essential role in its wetting behavior. A common method to assess sur-
face wettability is through the contact angle (θ) of water droplets
deposited on the surface. The contact angle is defined as the angle be-
tween the liquid-solid interface and tangent line of the curve at the point
of contact between the solid, liquid, and gas phases. The θ value provides
insight into how a droplet wets a solid surface. Considering water
droplets as an example, surfaces can be divided into superhydrophilic
(θ < 5◦ ), hydrophilic (5◦

< θ < 90◦ ), hydrophobic (90◦

< θ < 150◦ ), and
superhydrophobic (θ > 150◦ ) surfaces [41]. Notably, a material is
classified as superhydrophobic when it displays a contact angle
exceeding 150◦, coupled with a wetting hysteresis of 1–3◦ and a roll
angle of less than 15◦ upon interaction with an aqueous medium in a
thermodynamically stable, non-uniform wetting configuration [42].

Nature is the primary source of various surface/interface structures,
as flora and fauna evolved unique surface properties for adapting to the
external environment. For example, the protruding structures on lotus

leaves enable them to self-clean [43–47], compound eyes of insects
prevent fogging and anti-reflection [48,49], and gecko feet exhibit high
adhesion due to the specialized surface structures [50,51]. Inspired by
these fantastic properties, various biomimicking surface have been
constructed and applied in production and life. Super-liquid-repellent
surfaces constitute a significant portion of many surfaces/interfaces.
Based on the differences in liquid repellency, super-liquid-repellent
surfaces can be classified as lubricated, superhydrophobic, super-
oleophobic, and superamphiphobic surfaces. We uniformly categorize
super-liquid-repellent surfaces into superhydrophobic and lubricated
surfaces to simplify the system description.

Superhydrophobic surfaces exhibit extreme water repellency. The
water droplets do not wet these surfaces and maintain nearly ideal
spherical shapes with apparent contact angles greater than 150◦ and
rolling angles less than 10◦ when the radius is lower than the capillary
constant of Rc = 2.7 mm [48,52]. Water droplets are prevented from
wetting the rough structures; meanwhile, air is confined between the
physical structures to form an air layer, thereby retaining the droplets in
a Cassie state and maintaining their spherical shape. In recent years,
researchers reported another type of superhydrophobic surface; i.e.,
lubricant surfaces, which are also referred to lubricant-infused surfaces
(LIS) or slippery liquid-infused porous surfaces [53,54]. On such sur-
faces, low-surface-energy and low-vapor-pressure lubricants are stabi-
lized with porous or nanostructured textures via capillary forces,
forming interfaces that are chemically homogeneous and atomically
smooth [55]. Unlike superhydrophobic surfaces exhibiting Cassie wet-
ting states, lubricant surfaces use a low surface energy lubricant to fill
the voids of structured solid substrates, separating the immiscible liquid
and solid substrate, and shifting the solid-liquid contact to a liquid-
liquid contact. For more in-depth information on the contact angles
and wetting principles of superhydrophobic and lubricant surfaces, refer
to the recent reviews by Drelich J.W. et al. and Peppou-Chapman, S.
et al. [56,57].

Liquid evaporation occurs naturally when the liquid vapor in the
surrounding atmosphere is not saturated. The evaporation process is
considered a diffusion-controlled process, although it is complex and
can be described by simultaneous mass and heat transfer equations
involving diffusion and convection [58]. Droplet evaporation has
become a research hotspot in recent years because of its crucial role in
mass and heat transfer [59–61].

Free-droplet evaporation is an ideal system to study droplet evapo-
ration. In this system, the droplet is perfectly spherical without con-
tacting the solid substrate, and its evaporation process is the same across
the entire spherical surface; this is known as isotropic (radially sym-
metric) evaporation. The evaporation is influenced only by the diffusion
of liquid molecules into the surrounding air, and the change in droplet
volume with time follows [62,63]:

V2/3 = V2/3
0 − Λt (1)

where V0, Λ, and t represent the initial volume of the droplet, rate of
surface reduction, and evaporation time, respectively. For a free droplet,
the volume (V) is related to the radius R as V = 4πR3

3 .
Considering the time derivative of Eq. (1), we obtained the initial

evaporation velocity of the droplet (vev) as:

vev =
1
2

(
3
4π

)2/3 Λ
R0

(2)

where vev and R0 represent the speed of the receding droplet-air inter-
face and initial droplet radius.

For an ideal free, spherical droplet Λ can be determined analytically
[62,64] as:

Λfree = 2
(
4π
3

)2/3DairmΔP
ρkBT

(3)
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where, Dair, m, ρ, ΔP, and kBT represent diffusion coefficient of vapor
molecules in the air, mass of a vapor/liquid molecule, density of the
liquid, pressure difference between the droplet surface and outer vapor
layer, and thermal energy of the system, respectively.

Free droplets represent an ideal state; however, in practical appli-
cations and manufacturing processes, droplets come into contact with
substrates under various conditions, making it more meaningful to
clarify the evaporation process of droplets on solid substrates [2–20].
Unlike droplets on superhydrophilic, hydrophilic, or hydrophobic sur-
faces, which exhibit fully or partially wetted cap-shaped configurations,
droplets on super-liquid-repellent surfaces exhibit nearly perfect
spherical shapes, closely resembling the state of free droplets. In recent
years, researchers have gained a deeper understanding of droplet
evaporation on superhydrophobic surfaces owing to the development of
superhydrophobic surface fabrication techniques and research on liquid
wetting processes [65–68]. Droplet evaporation on superhydrophobic
surfaces is divided into constant contact angle (CCA) and constant
contact radius (CCR) modes [67,69,70]. Droplets in the Cassie state
adopt the CCA mode because the contact line remains free to move
during evaporation, maintaining a CCA whereas the contact radius
gradually decreases (Fig. 1a). Conversely, droplets in the Wenzel state
are more likely to exhibit the CCR mode as the contact line being
strongly pinned, resulting in a gradual decrease in the solid surface
contact angle while the contact radius remains nearly constant (Fig. 1b).
The specific evaporation mode adopted depends on factors such as the
actual surface structure and droplet properties. For superhydrophobic
surfaces composed of microscale (several to tens of micrometers and
above) patterned structures, droplets are pinned on the microstructured
surface, resulting in CCR evaporation. After the droplet shrinks to a
certain extent, the contact line jumps from the microstructure to the
inner structure and transitions to CCA evaporation. These two evapo-
ration modes alternate in cases where the droplet does not wet the
structural gaps (Fig. 1c) [71]. Once liquid wetting occurs, the Cassie
state transitions to the Wenzel state, which changes to the CCR mode;
this is more likely to occur with an increase in the spacing between
structures because it causes the droplet volume to decrease to a point
where it transitions to the wetting state (Fig. 1d) [72]. For super-
hydrophobic surfaces composed of nano- or sub-micrometer-scale
structures, droplets are less likely to transition from the Cassie state to
the Wenzel state, and therefore, they initially undergo CCA mode
evaporation. When the droplet is sufficiently small, it transitions to the
CCRmode or CCA/CCR alternating mode [70,73–77]. However, gravity-
induced deformation occurs when the initial liquid volume is large,
causing the droplet to undergo CCR mode evaporation, which then
transitions to the CCAmode once the droplet returns to a spherical shape
[78]. Although droplets on superhydrophobic surfaces can exhibit

different evaporation modes, the surface area of the droplet decreases
linearly with evaporation time in both modes, thereby providing a
description of the evaporation process based on the change in the
droplet surface area [63,78].

Although the small contact area between the droplet and super-
hydrophobic surface causes the droplet to present an almost perfect
spherical shape, the effect of the presence of the supporting surface on
the diffusion of molecules into the environment is undeniable. There-
fore, it is necessary to consider the wetting behavior (contact angle) of
the surface and its effect on droplet evaporation. Based on this, Picknett
and Bexon corrected the evaporation rate of droplets with spherical cap
shapes by integrating the effect of the contact angle on the evaporation
rate [64].

V2/3 = V2/3
0 − Λsessilet = V2/3

0 −
4πDairm

3ρ
f
β

ΔP • t (4)

with β = (1 − cosθ)2(2+ cosθ) as the contact angle θ, and f =
0.00008957+ 0.633θ + 0.116θ2 − 0.08878θ3 + 0.01033θ4 for θ(rad)
above 10◦.

Thus, the surface reduction rate of the droplet can be calculated as:

Λsessile =

(
8π
3

)2/3DairmΔP
ρkBT

f
β1/3 (5)

For water droplets, the pressure difference ΔP in Eq. (5) can be
expressed in terms of relative humidity (RH) as ΔP = (1 − RH)P0, where
P0 presents the saturation vapor pressure. Our previous study revealed a
linear decrease in V2/3 for pure water droplets on super-liquid-repellent
surfaces [79].

Compared to the superhydrophobic surface, the contact area be-
tween the droplet and the lubricant surface increased because the
lubricant-impregnated hydrophobic surface covered the physical struc-
ture. Further, the capillary force drives the lubricant to climb upward
along the bottom of the droplet to form a wetting ridge. Based on the
amount of lubricant and choice of droplet, the wetting ridge can expand
further, enveloping the entire droplet and forming a cloaking layer
(Fig. 1e,f) [57].

The differences in the surface energies of oil, water, and air can be
expressed by the spreading coefficient SLO = γLA − γLO − γOA. When SLO
was positive, oil wrapped around the water droplet, minimizing its
surface energy. When SLO < 0, the main part of the droplet was still
covered by oil [80–82]. The top of the droplet was exposed and sur-
rounded by an oil ridge, and a distinct liquid-liquid-air contact line was
observed (Fig. 1f) [38]. Therefore, the droplets on the lubricant surfaces
exhibited a semi-spherical shape with a significantly reduced apparent
contact angle. However, the presence of a lubricant layer dramatically

Fig. 1. Typical evaporation modes of water droplets on super liquid-repellent surfaces. (a-d) Water droplet evaporation on superhydrophobic surface in constant
contact radius (CCR) (a), constant contact angle (CCA) (b), mixed (c), and (d) the droplet evaporation in Wenzel wetting mode, respectively. Reproduced with
permission [77]. Copyright 2013, American Chemical Society. (e-f) The evaporation on lubricant surfaces with the formation of a cloaking layer (e) or a wetting ridge
(f) by the lubricant.
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reduced the friction between the droplet and surface, which allowed the
droplet to detach freely at a slight inclination angle [83,84]. The
lubricant layer separated the droplets on the lubricant surfaces instead
of directly contacting the substrates, preventing the contact line from
pinning. The viscous dissipation of the liquid drives movement and
evaporation [57]. Droplet evaporation on lubricant surfaces exhibited a
more complex mixed mode. Initially, droplet evaporation followed the
CCR mode, and subsequently evaporation occurred exclusively in the
CCA mode. The driving force F = γLA(cosθd − cosθe) becomes sufficient
to overcome the energy barriers with a decrease in the contact angle.
Here, γLA, θd, and θe represent the interfacial tension between the
droplet and vapor, dynamic contact angle, and equilibrium contact

angle, respectively. In the final stage, the contact angle decreases with a
decrease in the contact diameter until the droplet disappears [84]. In
addition, evaporation was concentrated at the uncovered top of the
droplet because most droplet surface was covered by a lubricant. An
internal liquid flow towards the air-droplet interface occurs inside the
droplet as th evaporation proceeds, thereby resulting in anisotropic
evaporation (non-radially symmetrical evaporation). The evaporation is
slow on lubricant surfaces because the impregnant lubricant reduces the
evaporative area. Droplets on lubricant surfaces have significant aspect
ratios and low heat dissipation rates, which extend the thermal resis-
tance path [38,85].

Fig. 2. Supraparticle fabrication on superhydrophobic surfaces. SEM images of the supraparticle in contact with a microcolumn array (a), contact area (b), and
crystalline patches of the supraparticle surface (c). The inset of (c) presents the radius against tf − t [28]. (d) Optical image of a 540 nm latex opal supraparticle. (e)
Schematics of angles for calculating the theoretical wavelength for a particular color ring. (f) Optical microscopy images of opal supraparticles with different sizes of
primary particles. Reproduced with permission [29]. Copyright 2008, Wiley-VCH. (g) Drop evaporation imaged by confocal microscopy. (h) Contact diameter and
contact angle, and (i) V2/3 variations with time. (j) Optical images of mesoporous TiO2 supraparticles with diameters of 50, 160, 200, 250, and 550 μm, scale bars are
100 μm. (k–n) SEM images of mesoporous supraparticles fabricated by (k) TiO2, (l) SnO2, (m) TiO2/SnO2 mixture, and (n) SnO2@TiO2 core-shell particle. The scale
bars in all images on the left are 50 μm, and on the right are 100 nm (except the right image of (n) is 1 μm). The blue and red arrows indicate SnO2 and TiO2,
respectively. Reproduced with permission [88]. Copyright 2015, Wiley-VCH. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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3. Structural regulation of supraparticles fabricated on surfaces

3.1. Supraparticle fabrication mediated by droplet evaporation on
superhydrophobic surfaces

Superhydrophobic surfaces have unique advantages in the prepara-
tion of spherical supraparticles. For example, water droplets on such
surfaces exhibit almost spherical shapes, ultra-small contact areas, and
minimal friction along the three-phase contact line. The droplets act as
templates to drive the aggregation and assembly of the dispersed
colloidal particles, forming spherical supraparticles after evaporation
[27,35]. Marin et al. explored the formation of spherical supraparticles
by investigating the evaporation of polystyrene (PS) particle dispersion
droplets on microcolumn array-based superhydrophobic surfaces
(Fig. 2a) [28]. The constructed hanging microcolumn structure pre-
vented the wetting state transition, avoiding the three-phase contact line
from being pinned. Therefore, dispersion droplets maintained the
Cassie-Baxter state, forming spherical supraparticles with colloidal
crystalline patches on the surface (Fig. 2b, c).

When a droplet evaporates at a CCA, the change in radius change is
given by

R(t) ∼
[
Dʹ( tf − t

) ]1/2 (6)

In Eq. (6), R represents the droplet radius, Dʹ = DairΔP/ρ, where Dair,
ΔP, tf , and t represent the diffusion constant for vapor in air [86,87],
vapor concentration difference between the drop surface and sur-
rounding environment, total time for complete evaporation, and actual
time, respectively.

The droplet radius reaches its minimum value rSP (radius of the
supraparticle) as colloidal particles are present and the internal particles
are densely packed ( t̂ = tf − r2SP/D’). The inset in Fig. 2c shows the
relationship between the radii of the colloidal dispersion droplets and
tf − t, where the presence of colloidal particles inside the droplet does
not affect the evaporation process. During evaporation, the gas-liquid
interface moves inward at a rate of dR/dt ∼ Dʹ/R. The interface
shrinkage rate sharply increased with a decrease in droplet volume, until
it reached the shrinkage limit rSP.

The size of the supraparticles depends on the number of particles
inside the droplet when an assembled structure is formed by the
colloidal particles. The size of supraparticles rSP/rp can be adjusted in
the range of 100–1000 (where rp represents the radius of the primary
particle) by controlling the initial concentration or volume of doplets. In
addition, the size of the supraparticles depends on the packing fraction
of the primary particles. The global packing fraction is given by:

Φ ≡ N
(
rp
rSP

)3

(7)

where N represents the total number of primary particles in the droplet.
Unlike the well-known relationship rSP/rp∽N1/3, the packing fraction

deviates from one-third scaling, especially when the number of particles
is small. An increase in the number of monodisperse spherical particles
causes an ordered close packed structure to form inside the supraparticle
with a packing fraction approaching a perfect hexagonal with Φ = 0.74.
Conversely, the packing fraction of the supraparticle decreases with a
reduction in the number of monodisperse spherical particles, which is
even lower than the random close packing (RCP) limit of Φ = 0.64,
thereby resulting in a supraparticle with disordered particle arrange-
ment and some internal defects.

The motion and assembly of particles confined within spherical
droplets are influenced by particle diffusion and convective transport
induced by the shrinkage of the gas-liquid interface. Therefore, the
critical number of particles Nc required for the transition from an or-
dered to a disordered assembly of supraparticles can be estimated by
comparing the diffusion-driven assembly and convective transport time-

scales. The particles can be arranged in an ordered packing crystal phase
when the diffusion time of the primary particles across the droplet radius
is less than the hydrodynamic time scale. The diffusion time for the
particles to move to their appropriate positions in the crystalline phase is
td = r2p/Dp, where Dp represents the diffusion coefficient of the particles
in the liquid. The hydrodynamic time scale th = L/|dr/dt|, where r(t)
represents the droplet radius, and L represents the distance between
particles, which primarily depends on the concentration of particles in
dilute solutions (L≫rp), L = N− 1/3r.

The ratio of both timescales is given by:

A (t) ≡
td
th
=

⃒
⃒
⃒
⃒
dr(t)
dt

⃒
⃒
⃒
⃒
td
L
=

Dʹ

Dp
N1/3

(
rp
r(t)

)2

(8)

During evaporation, A (t) increases with a decrease in the droplet
radius until the limit r = rSP is reached. A crossover between the time-
scales is obtained when hydrodynamic time is equal to the diffusion
time, i.e., A (t) = 1. If the cross-over is achieved when r≫rSP, the
amount of crystalline clusters is still very small. From this time point, the
shrinkage rate of the interface was too high, and the primary particles
did not have sufficient time to crystallize, resulting in a relatively low
packing fraction. If the cross-over is obtained when r≪rSP, the particle
packing has already been ordered, which results in a high packing
fraction. During droplet evaporation, the trend of the decreasing droplet
radius attributed to solvent evaporation was the same. Therefore, the
time required to achieve a dense packing of particles depends entirely on
the number of particles. If N is large (N > Nc), the cross-over of time-
scales will occur relatively early, i.e., well before A = 1, thereby
allowing for the formation of ordered particle packing inside the
supraparticle. According to rSP/rp ∼ N1/3 and A = 1, the critical number
of particles above which ordered supraparticles are obtained can be
calculated using Eq. (9):

Nc ∼

(
Dʹ

Dp

)3

(9)

The time-dependent packing fraction for monodisperse spherical
particles that can easily assemble into ordered structures is defined as
N
(
rp/r(t)

)3. As the droplet evaporates, the packing fraction increases
until it reaches the final value Φ. At cross-over (A = 1), the packing
fraction of the droplet is denoted as Φ*. A small Φ* indicates a small
amount of crystalline clusters. Further, when Φ* is large, crystalline
clusters have already formed. After the cross-over point, the shrinking
speed of the interface is too fast to provide sufficient time for promoting
ordering, which leads to the compression of the ordered particle clus-
ters. Droplets with a large Φ* have a large Φ. A packing fraction larger
than the random close packing (RCP) limit can be achieved when
Φ*⪆0.1.

Although ordered crystalline structures can be formed in the supra-
particles, the assembly process is not sufficiently long to prevent point
and line defects. This resulted in the formation of ordered crystalline
patches on the supraparticle surfaces; the size of these patches is related
to the size of the supraparticles. Larger supraparticles with reduced
surface curvatures form larger crystalline patches, and their radial cur-
vatures do not exceed the size of the primary particles. The relationship
between the size S of the patches and the supraparticle radius rSP and
particle size rp is S/rSP = arccos

(
1 − rp/rSP

)
. For supraparticles with rSP

= 50 μm and rp = 0.5 μm, the typical size of crystalline patches on the
surface is ~15 μm, which is consistent with the order of magnitude
characterized by SEM (Fig. 2c). Therefore, the sizes of the crystalline
patches on the supraparticle surface can be predicted.

Periodicity at the micrometer and sub-micrometer length scales en-
dows colloidal assembly structures with light-manipulation capabilities
similar to those of natural opals. Properties such as long-range ordering,
maximum packing density, well-defined pore sizes, and high surface-to-
volume ratios render the assembled materials useful in photonics,

X. Wang et al. Advances in Colloid and Interface Science 334 (2024) 103305 

5 



optical diffraction, antireflective coatings, and anisotropic particle
manufacturing. Rastogi et al. realized the green and controllable fabri-
cation of spherical opal-like supraparticles by evaporating monodisperse
PS dispersion droplets on low-density polyethylene superhydrophobic
surfaces [29].

As the solvent evaporates, the free volume of the colloidal particles
within the droplet gradually decreases, slowly confining the thermal
motion of the primary particles and driving them to assemble into
densely packed crystals. An increase in particle concentration results in
colloidal crystals that reflect light at specific wavelengths. After 15 min
of evaporation, the droplet surface exhibits colored ring-like diffraction
patterns (Fig. 2d). Approximately 60 min later, all of the solvent evap-
orated, forming supraparticles assembled from PS spheres arranged in a
hexagonal close-packed crystal arrangement.

Supraparticles assembled from highly ordered particles sparkle in a
multitude of colors. The colored regions are organized in concentric
rings (Fig. 2d). The surface of the opal-like supraparticles includes
localized crystal regions, with each region diffracting light in a specific
direction relative to a fixed light source and the orientation of the crystal
plane, thereby causing fragmented rings in areas with slightly different
colors. Unlike typical photonic crystals, the phenomena of diffraction
and reflection of light occur only on the surface of supraparticles
because of their curved surfaces. The difference in the optical paths of
the light waves reflected by two adjacent grooves (particle lines) on the
surface results in constructive or destructive interference, thereby
inducing colored ring patterns. The formula for the path difference on
the curved surface of the supraparticles is [89] (Fig. 2e):

nλ = d× [sin(90 − α)+ sin(θ − α) ] (10)

where n = 1, 2, 3 … represents the first, second, third, sets of rings,
respectively. Further, λ, θ, α and d represent the wavelength of a specific
spot on the colored ring, angle between the incident beam and hori-
zontal plane, angle between the radial direction of the examined colored
spot and horizontal plane, and interplanar spacing of the colloidal
crystal, respectively. The primary particles were arranged in a face-
centered cubic lattice for ordered colloidal crystals, with the (111)
plane parallel to the outer interface. The interplanar spacing of the (111)
plane is d =

̅̅̅̅̅̅̅̅
2/3

√
D, where D represents the diameter of the colloidal

particles. The space between the particles on the surface of the supra-
particles can be adjusted by regulating the size of the PS microspheres,
thereby altering the colored ring patterns. Consequently, the supra-
particles formed from the particles of the same size exhibited the same
ring patterns. In contrast, the size and number of colored ring patterns
formed by differently-sized particles varied significantly (Fig. 2f).

Wooh et al. constructed a series of supraparticles through droplet
evaporation on superamphiphobic surfaces using non-spherical or non-
monodisperse nanoparticles as building blocks [88]. Superamphiphobic
surfaces repel water and non-polar liquids, further expanding the range
of liquid species and broadening the systems for preparing supra-
particles via droplet evaporation. A superamphiphobic surface was
achieved by constructing a porous silica substrate using candle-soot as a
template, followed by treatment with 1H, 1H, 2H, 2H-perfluorooctyl-
triethoxysilane for hydrophobization. The porous silica structure en-
traps tiny air pockets, preventing the liquid from wetting the structure.
The droplet sits on top of the protrusions, maintaining a spherical shape
owing to the interfacial tension of the liquid, with a receding contact
angle of ~163◦. Owing to the microstructure of the substrate, 1 μL of an
aqueous dispersion of TiO2 nanoparticles (0.1 vol% TiO2 nanoparticles,
diameter 21 nm, P25 Degussa Evonik) maintains a spherical shape
(Fig. 2g). Further, the contact diameter decreases continuously as
evaporation proceeds, the contact angle θ remains above 160◦ (Fig. 2h),
V2/3 decreases linearly with time (Fig. 2i), and dispersed nanoparticle
droplet gradually transforms into solid particles.

During evaporation, TiO2 nanoparticles assembled through capillary
pressure. The maximum capillary pressure during drying is ΔP ≈ 10γ/r

for nanoparticles with a radius r that can be completely wetted, where γ
represents the surface tension of the liquid [90,91]. At r = 12 nm, the
pressure was ~60MPa which is sufficient to bring the nanoparticles into
direct contact, while the van der Waals forces further increase cohesion.
Therefore, the prepared mesoporous supraparticles were highly stable
and remained in the solvent for several months without disassembling
into nanoparticles, thereby making them suitable for application in
powder and dispersion forms. The initial volume and concentration of
the dispersion droplets can be employed to control the size of the mes-
oporous supraparticles ranging frommicrometers to submillimeter, with
the porosity determined to be 53 % ± 1 % (Fig. 2j). The proposed
method exhibits high flexibility because different mesoporous supra-
particles can be prepared by changing the primary particles (Fig. 2k,l).
Mixing different materials such as TiO2/SnO2, TiO2/ZnO, and TiO2/
Fe2O3@SiO2 enables the fabrication of multi-component supraparticles
(Fig. 2m, n). Rapid and automatic particle production was achieved
using a multi-nanodroplet dispenser (Nano-Plotter, Gesim, Germany) to
address the issue of relatively long evaporation times. A nano-plotter
with a piezoelectric nanotip can dispense droplets with a repeatable
volume at frequencies up to 1 kHz, which enables the controlled prep-
aration of a large number of droplets in a short time. Such small TiO2
nanoparticle dispersion droplets (~0.7 nL) can completely dry within
seconds, forming monodisperse mesoporous TiO2 supraparticles
(diameter: ~10 μm) and achieving a prototype of a high throughput
supraparticle fabrication.

In addition to the droplet templating action driving the primary
particle assembly into spherical supraparticles, various factors such as
particle interactions [30,92,93], particle components [29,79,92,94],
and external fields [32,92,95] significantly affects the assembly
behavior of the constituent particles or the morphology of the supra-
particles [96–102].

3.1.1. Interactions between the building blocks
Interactions between particles directly affect their motion, which

determines the morphology and structure of the supraparticles. The
interaction forces of particles in evaporating media include van der
Waals (Fvdw), electrostatic (Fel), capillary (Fcap), hydrodynamic forces
(FH), and etc. [103,104]. The total interaction force Ftotal(d) between two
microspheres with radius r and surface separation d can be expressed as

Ftotal(d) = Fvdw + Fel + Fcap + FH +⋯⋯ (11)

The van der Waals force is given by [105].

Fvdw = −
AHr
12d2

(12)

where AH is the Hamaker constant [106].
The electrostatic force can be expressed as [107,108].

Fel =
2πεε0rψ2

λD
e−

d
λD
[
1 − e−

d
λD
]

(13)

where ψ represents the surface potential. Further, λD represents the
Debye length and is given by

λD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εε0kBT
2 • 103NAe2I

√

(14)

where, kB, T, e, NA, and I represent the Boltzmann constant, tempera-
ture, elementary charge, Avogadro's number, and molar ionic strength
of the electrolyte, respectively.

I =
1
2
∑n

i=1
ciz2i (15)

where coefficient 12 accounts for the inclusion of both cations and anions
in the electrolyte solution, ci represents the molar concentration of ion i
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in mol/L, z i represents the charge number of the ion, and I represents the
sum of all ions in the solution. The ionic strength is equivalent to the
concentration of a 1:1 type of electrolyte, sodium chloride (NaCl), where
each ion is singly charged.

The capillary force between two spherical particles with the same
size is related to the contact angle on the particle surface (θ) and the
surface tension of the solvent (γ) [109].

Fcap = 2πγrcosθ (16)

The hydrodynamic force is given by [110,111].

FH = −
3πηvr2
2d

(17)

where, η represents the dynamic viscosity, and v represents the velocity
of a particle moving towards another one.

Thus, the total interaction between the two particles in the evapo-
rating medium can be expressed as

Ftotal(d) = −
AHr
12d2

+
2πεε0rψ2

λD
e−

d
λD
[
1 − e−

d
λD
]
+2πγrcosθ −

3πηvr2
2d

+⋯⋯

(18)

The capillary force plays a significant role only in the range of a few
nanometers, whereas hydrodynamic forces are quite complex to eval-
uate; therefore, a commonly used Derjaguin-Landau-Verway-Overbeek

(DLVO) theory was developed to describe the interactions for charged
colloidal particles. The DLVO theory mainly considers the interaction
results from electrostatic repulsion and van der Waals attraction for a
limited interparticle distance by neglecting external physical forces,
capillary forces, hydrodynamic forces, etc. The corresponding force
between two spheres of radius r is:

F(d) =
2πεε0rψ2

λD
e−

d
λD
[
1 − e−

d
λD
]
−

AHr
12d2

(19)

The presence of charged ions in the dispersion shields the surface
charge of the colloidal particles, which is reflected as a change in the
Debye length. Therefore, the interactions between colloidal particles can
be regulated by modulating the ionic strength of the dispersion solution.
We explored the drying process of colloidal PS particle dispersions and
the effect of interparticle interactions on the morphology and structure
of supraparticles at different salt concentrations [93]. Water droplets
containing monodisperse colloidal PS particles exhibited radially sym-
metric evaporation on superhydrophobic surfaces, forming spherical
core-shell supraparticles with highly ordered surfaces and disordered
interiors (Fig. 3a-d) because monodisperse PS colloidal particles have
negative charges, and electrostatic repulsion dominates the interaction
between colloidal particles. With liquid droplet evaporation, the
shrinkage of the gas-liquid interface drives the colloidal particles closer
to each other. However, electrostatic repulsion prevents particle

Fig. 3. Controlling supraparticle shape and structure by tuning colloidal interactions. SEM images of the spherical supraparticle (a), cross-sectional (b), crystalline
shell (c), and the random core (d). (e-g) Single colloid interaction forces at different NaCl concentrations (1, 10, and 100 mM, respectively). (h) Shape (1), surface
structure (2), and cross-section (3) of supraparticles obtained by evaporating suspension droplets with NaCl concentrations of 10 μM, 100 μM, 1 mM, 5 mM, 10 mM,
and 50 mM. Reproduced under terms of the CC-BY license [93]. Copyright 2022, The Authors, published by Elsevier.
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contact, forming an orderly assembled structure and enhancing the
packing fraction until the liquid evaporates completely. Finally, the
evaporation of the liquid drives the particles to approach each other at a
distance of a few nanometers, whereas the capillary force dominates and
makes the particles contact each other. Then, the repulsive force is
transformed into a strong van der Waals attraction, which ultimately
leads to the formation of a stable structure.

The introduction of NaCl into the dispersion resulted in the elec-
trostatic shielding of the colloidal particles. The Debye length decreases
from ~12 nm (Fig. 3e) to ~5.5 nm (Fig. 3f) and 1.7 nm (Fig. 3g) with an
initial increase in the NaCl concentration from 10 μM to 10 mM, and
then to 100 mM, respectively. Meanwhile, the surface potential de-
creases frommore than − 50 mV to − 20 mV. Consequently, the potential
barrier decreases significantly with an increase in the salt concentration
and approaches zero. Further, when the salt concentration exceeds a
critical value, the repulsive barrier is no longer high enough to counter
the van der Waals interactions, which leads to an irreversible adhesion
of the colloidal particles and the formation of agglomerated structures.

In the presence of NaCl, the average distance between the colloidal
particles in the shell is small because of the screening by the electric
double layer. Consequently, the transition from dynamic colloidal
crystals to solid shell structures occurred earlier, inducing a reduction in
the crystalline shell thickness with increasing NaCl concentration
(Fig. 3h). After the shell solidified, a significant volume remained in the
center. As the water evaporated, capillary forces were generated be-
tween the colloidal particles on the surface of the evaporating droplet.
This pressure difference caused the buckling of the outer shell (Fig. 3h).
The solidified shell suppressed the advective motion of the colloidal
particles, leading to a lack of driving force for densification and the
subsequent crystal formation. Thus, the interior structure remained
amorphous. At extremely high salt concentrations of 50 and 100 mM,
the electrostatic repulsion was no longer strong enough to stabilize the
colloidal dispersion. The colloidal particles agglomerate in the solution
before evaporation, thereby overcoming the buckling caused by capil-
lary forces, and instead forming disordered, porous, and spherical
supraparticles. These results demonstrate the critical role of colloidal
particle interactions in controlling droplet evaporation, supraparticle
morphology, and supraparticle structure. This study provides a theo-
retical basis for the construction of supraparticles with specific struc-
tures and functions.

Sperling et al. added NaCl to fumed silica (FS) dispersion droplets
and evaporated them on a superhydrophobic surface, resulting in
supraparticles with an anisotropic morphology [30]. The addition of
electrolytes effectively changed the repulsive force between the silica
nanoparticles, promoting the assembly of the building blocks into
aggregated structures. Consequently, the silica nanoparticles accumu-
lated at the gas-liquid interface as evaporation proceeded and formed a
rigid shell structure, delaying the shrinkage of the contact line. The
capillary force generated by the liquid evaporation drives the shell
structure to bend inward, disrupting the symmetry of the supraparticles
(Fig. 4a). This effect was less pronounced at low NaCl concentrations,
which allowed the droplets to maintain isotropic evaporation, thereby
resulting in spherical and doughnut-shaped supraparticles (Fig. 4b). Salt
concentrations above 5 mM caused the evaporating droplets to deform
at a certain point, elongate their shape until the end of evaporation, and
form anisotropic boat-shaped structures (Fig. 4b). These results confirm
the effect of the electrolyte-induced electrostatic double-layer forces on
the formation of supraparticles during evaporation.

In addition to the ion strength, Sekido et al. utilized the pH of the
dispersion to regulate the assembly of supraparticles composed of
colloidal particles modified with responsive polymers [112]. Poly[2-
(diethylamino)ethyl methacrylate] (PDEA), a pH-responsive polymer,
was shown to be hydrophilic and hydrophobic at low and high pH,
respectively. Therefore, PDEA-modified PS particles were uniformly
dispersed at pH 3 and aggregated at pH 10 because of the deprotonation
of the polymer (Fig. 4c). Uniformly dispersed colloidal droplets under-
went radial symmetric evaporation on superhydrophobic surfaces, and
the capillary force generated by the evaporation drove the colloidal
particles to assemble in an ordered manner to form dense supraparticles
with a packing fraction of 72 % (Fig. 4d,e). In contrast, at pH 10, the
colloidal particles aggregated in the dispersion as the pH-responsive
PDEA changed from hydrophilic to hydrophobic. The capillary force
only compresses the aggregate structure instead of driving individual
colloidal particles to rearrange and assemble into densely packed
structures. This results in supraparticles with disordered assemblies and
a particle packing fraction of only 56 % (Fig. 4f,g). The density of the
assembly structure directly affects the properties of the supraparticles.
At pH 3, the supraparticles exhibited a low porosity and high elastic
modulus of ~27 % and ~ 62 MPa, respectively. In contrast, the porosity
of the supraparticles reached 44%with amodulus of ~39MPa at pH 10.

Fig. 4. Ionic-strength-controlled supraparticle shape regulation. (a) Schematic of the mechanism of supraparticle elongation during evaporation. (b) Examples of
different types of supraparticles formed after the completion of the drying process as a function of FS and electrolyte concentrations, scale bars: 0.5 mm. Reproduced
with permission [30]. Copyright 2014, Wiley-VCH. PH-responsive particle mediated supraparticle structure controlling. (c) Scheme of the pH-responsive dispersion/
aggregation behavior of Poly[d-(diethylamino)ethyl methacrylate] (PDEA)–PS particles. SEM images of supraparticles fabricated using pH 3 (d, e) and 10 (f, g)
dispersions (1 μL). Reproduced with permission [112]. Copyright 2017, American Chemical Society.
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Thus, controlling the degree of particle dispersion provides an effective
strategy for constructing supraparticles with different structures and
mechanical properties.

3.1.2. Components
The components of the droplet used for evaporation are essential

factors for controlling the structure and properties of the supraparticles.
Relevant research was conducted in our previous studies [79,94].
Porosity, a critical parameter for supraparticles, dramatically affects
their performance in practical applications, such as heterogeneous
catalysis, adsorber materials, and drug carriers. For many applications,
supraparticles with high porosity are required to facilitate the diffusion
of analytes or reactants. Based on organic-inorganic hybridization, we
achieved the controllable tuning of the porosity of the supraparticles by
utilizing a heterogeneous structure constructed by the evaporation of
the droplets on superamphiphobic surfaces [94]. Fig. 5a shows droplets
containing TiO2 and PS nanoparticles evaporated on a super-
amphiphobic surface to prepare spherical binary supraparticles with
uniformly distributed two-phase materials (Fig. 5b,c). PS undergoes
degradation at 330–400 ◦C, and therefore, the calcination of the binary
supraparticles at 500 ◦C can completely remove the polymer phase,
thereby forming highly porous supraparticles derived from the PS
templates (Fig. 5d,e). During the assembly process, TiO2 nanoparticles
were attracted to each other to form a porous stacking structure with a
porosity of ~66 %. The introduction of polymer particles, in addition to
acting as templates, creates interconnected pore structures because of
the contact between the polymer particles, thereby increasing the
porosity of the supraparticles. The use of PS microparticles of different
sizes can regulate the size of the macropore structure from hundreds of
nanometers to micrometers. Changing the ratio between inorganic and
organic particles allows for proportional variation between large

macropores and interconnected pore spaces. The obtained maximum
porosity reached 92.1 %, which significantly improved the catalytic
performance of the TiO2 supraparticles. Although solid particles in the
obtained supraparticles accounted for less than 10 % of the volume, the
calcination process facilitated the fusion of TiO2 nanoparticles because
of the slight crystalline phase transitions, which ensured that the me-
chanical stability of the highly porous supraparticles was suitable for
practical applications. Highly porous unitary (ZnO, SiO2), binary (TiO2
− ZnO, TiO2-Au, ZnO-Au), and ternary (TiO2-ZnO-Au) supraparticles
can be easily achieved by simply changing the composition of the
inorganic phase (Fig. 5f-k). This confirms the possibility for integrating
multiple functions into a single supraparticle for optimized applications.

The Péclet number (Pe) is a relevant parameter describing the
evaporation process of a suspension. Pe evaluates the relative contri-
butions of advection and diffusion to the motion of the colloidal parti-
cles. Droplet evaporation on a superhydrophobic surface is radially
symmetric, and the driving force for internal particle motion is attrib-
uted to particle diffusion and advection caused by the shrinkage of the
gas-liquid interface, which makes Pe applicable to this isotropic evap-
oration configuration. For evaporating spherical droplets, Pe is the ratio
of the typical time td required for colloidal particles to diffuse through
the initial droplet radius and characteristic evaporation time tev. td is
related to the droplet size and diffusion coefficient (Dp) of colloidal
particles, and can be expressed as

td = R2
0
/
Dp (20)

For a spherical particle with stick boundary conditions, Dp can be
estimated using the Stokes-Einstein relation

Dp = kBT
/
(6πηr) (21)

where η and r represent the suspension viscosity and radius of the

Fig. 5. Tuning the porosity of supraparticles. (a) Schematic of porous supraparticle formation mediated by droplet evaporation and post-calcination. (b-e) SEM
images of the surface (b, d) and inner part (c, e) of binary TiO2 − PS (b, c) and highly porous TiO2 (d, e) supraparticles. Insets (b) and (d) show the whole binary and
porous supraparticle, respectively. (f-k) SEM images of ZnO, SiO2, TiO2 − ZnO, TiO2 − Au, ZnO − Au, and TiO2 − ZnO − Au porous supraparticles. Insets are optical
images of the hybrid supraparticles. Reproduced under terms of the CC-BY license [94]. Copyright 2019, The Authors, published by American Chemical Society.
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colloidal particle, respectively. The suspension viscosity can be esti-
mated in conjunction with the solvent viscosity ηS using the following
formula [113].

η = ηS
(
1+ 2.5ϕ+5.913ϕ2) (22)

The characteristic evaporation time is given by

tev = R0/vev (23)

where R0 and vev represent the initial droplet radius and rate of gas-
liquid interface shrinkage, respectively. Therefore, by combining Eq.
(2), we find that the Péclet number of colloidal particles for evaporating
spherical droplets, which is independent of the initial droplet radius, is
given by

Pe = td
/
tev =

1
2

(
3
4π

)2/3 Λ
Dp

(24)

The Pe of colloidal particles for co-dispersed droplets of the same
material is related to their particle diameter and evaporation rate. We
observed the stratification behavior of particles in an isotropic

evaporation configuration by evaporating co-dispersed droplets con-
taining 338 nm and 1.43 μm PS colloidal particles (with volume frac-
tions of 2.5 % and 5.5 %, respectively) on superamphiphobic surfaces at
23 ◦C with a relative humidity of 24 %, and we fabricated core-shell
structured supraparticles (Fig. 6a) [79]. The small particles were
enriched on the surface and assembled into a close-packed crystalline
shell (~20 μm thick) with point and line defects, whereas large particles
occupied the core (Fig. 6a). The shrinkage of the gas-liquid interface
caused by droplet evaporation induces particle concentration gradients
within the droplet, which result in a chemical potential gradient acting
on the colloidal particles. Owing to the difference in Pe between the two
types of particles, the gradient exerted a strong driving force on the large
particles, pushing them away from the gas-liquid interface towards the
center of the droplet. In contrast, small particles congregate on the
surface during evaporation and assemble into crystalline shell structures
(Fig. 6b). The theoretical simulation results are consistent with the
experimental results (Fig. 6c), which demonstrate that the composition
of the particles regulates the structure of the supraparticles.

Rastogi et al. constructed different supraparticles by adjusting the
composition of primary particles in the evaporating droplets [28,92].

Fig. 6. Supraparticles are determined by components. (a) SEM image of a supraparticle formed from a bidisperse colloidal suspension during “fast” evaporation. (b)
Simulation of a bidisperse colloidal suspension in a fast evaporation drop (Λ = 1046 μm2/s) at various times. (c) Relative volume fractions of colloids after evap-
oration from simulations (blue) and experiments (red) for fast evaporation (Λ = 1046 ± 20 μm2/s). Reproduced under terms of the CC-BY license [79]. Copyright
2019, The Authors, published by American Chemical Society. (d) Schematic of supraparticle formation by evaporating a droplet containing suspension of silica and
gold (Au) nanoparticles. (e) Top and angled view of “golden doughnut” supraparticles fabricated from a droplet containing 330 nm silica and 22 nm Au particles.
Reproduced with permission [92]. Copyright 2010, Wiley-VCH. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Doughnut-shaped supraparticles were obtained by evaporating co-
dispersed droplets containing SiO2 (330 nm) and Au (22 nm) nano-
particles on a superhydrophobic surface [92]. By controlling the volume
ratio of the particles inside the droplets, the thickness and strength of the
shell formed by particles aggregated at the gas-liquid interface during
evaporation, thereby enabling the droplets to form a doughnut-shaped
supraparticle by shape collapse at the late stages of evaporation. Parti-
cles of different sizes segregate, resulting in doughnut-shaped supra-
particles with a core-shell structure. The relatively large SiO2
nanoparticles occupy the inner core of the supraparticle, whereas the Au
nanoparticles form the shell structure (Fig. 6d). As-prepared core-shell
structured supraparticles exhibited color diffraction patterns of photonic
crystals (Fig. 6e) under the synergistic effect of the hexagonal close-
packed structure formed by the inner SiO2 and the light-absorbing
property of the Au nanoparticles in the shell. This provides a practical
basis for constructing different core-shell/anisotropic structured supra-
particles using a one-step drying process.

3.1.3. External magnetic field
The application of an external magnetic field is an effective way to

regulate the structure of the supraparticles when magnetic particles are
present in the evaporation system. When magnetic particles are intro-
duced as additive components, the applied external magnetic field can
induce the directional migration of magnetic particles within the drop-
lets, which leads to multiphasic supraparticles. Rastogi et al. evaporated
bidisperse colloidal droplets composed of colloidal PS particles and
magnetic (Fe55/Ni45) nanoparticles on a superhydrophobic surface
using an external magnetic field to construct heterogeneous supra-
particles with a discrete distribution of magnetic particles. The effects of
the magnitude and distribution of the external magnetic field on the
assembly of magnetic particles were verified through theoretical simu-
lations [92]. As shown in Fig. 7a, placing a single magnet above an
evaporating droplet can aggregate the magnetic particles in the upper
part of the supraparticle to form a Janus structure. Through the aniso-
tropic magnetic response of the Janus structure, the external magnetic
field can further drive the motion of the supraparticles and assemble
them into a hexagonal close-packed array, which can then be used as a
remotely manipulated drug delivery system for precise targeting.
Further control of the magnetic field by adjusting magnets around the

droplets can affect the number of magnetic patches formed in the
supraparticles (Fig. 7b,c). These bi-patch and tri-patch supraparticles
provide a novel tool for efficient mixing in microchannels. In addition, it
serves as an ideal model for an in-depth investigation of the patchy
anisotropic supraparticles.

In addition to constructing heterogeneous supraparticles, droplets
containing magnetic particles under an external magnetic field can
exhibit properties similar to those of magnetic fluids and form different
morphologies [95]. Hu et al. successfully prepared a series of supra-
particles with anisotropic shapes, including cone, barrel, and double-
tower-like structures, by evaporating the dispersion droplets of super-
paramagnetic Fe3O4 nanoparticles under an external magnetic field
(Fig. 7d) [32]. The droplets exhibited isotropic evaporation in a mag-
netic field of 16 kA/m at an early stage. As the water evaporated, the
concentration of the internal particles increased. Eventually, anisotropic
supraparticles formed under the combined effects of droplet confine-
ment and the driving force of the external magnetic field. Fig. 7e shows
the transition of the supraparticle morphology as the particle concen-
tration changes from 1 to 30 wt% under a magnetic field of 16 kA/m.
When the concentration ≤ 6 wt%, supraparticles form cone-like struc-
tures with different sizes and aspect ratios. When the concentration ≥

12 wt%, barrel-like supraparticles with hollow interiors and top-to-
bottom continuity are formed because of the combined effect of buck-
ling and dewetting (Fig. 7e). The magnetic field strength had a signifi-
cant effect on the morphology of the supraparticles. When the magnetic
field strength increases to 160 kA/m, cone-like supraparticles can still
form even when the particle concentration≤ 12 wt%. However, droplets
with concentrations ≥21 wt% split at the top and form two cones as
evaporation proceeds, ultimately forming two-tower-like supraparticles
(Fig. 7f). The angle of the double-tower structure depends mainly on the
orientation of the applied external magnetic field. This method allows
for the facile synthesis of supraparticles with specific structures and
magnetic responsive properties.

3.1.4. Other conditions
In addition to the aforementioned factors, the morphology and

structure of supraparticles are also affected by other conditions
[96–102]. Zhou et al. realized supraparticles with different morphol-
ogies by modulating the dynamic behavior of the three-phase contact

Fig. 7. External field-assisted supraparticle fabrication. (a-c) Schematics of the assembly configuration, optical micrographs, and simulation patterns of applied
external magnetic fields for (a) single patch, (b) bi-patch, and (c) tri-patch magnetic supraparticles. The scale bars are 500 μm. Reproduced with permission [92].
Copyright 2010, Wiley-VCH. (d) Schematic of shaping the assembly of superparamagnetic nanoparticles with a magnetic field. (e, f) Optical photos of supraparticles
prepared with different nanoparticle concentrations under magnetic field of 16 (e) and 160 kA/m (f), respectively. Reproduced under terms of the CC-BY license [32].
Copyright 2019, The Authors, published by American Chemical Society.
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line [101]. As shown in Fig. 8a, the concentration of colloidal particles in
the droplets containing poly(styrene-methyl methacrylate-acrylic acid)
colloidal particles on a superhydrophobic surface increased linearly
with evaporation when the initial particle concentration reached a
relatively high level of 40 wt%. The particles agglomerate and form a
thick shell to maintain the evaporation rate, which results in the
continuous shrinkage of the three-phase contact line and formation of
spherical supraparticles. The internal particle concentration no longer
increased linearly when the initial particle concentration was reduced to
10 wt%, formed a shell structure. Further evaporation caused the shell to
collapse, pinning the three-phase contact line and anisotropic evapora-
tion rates, which drive the particle assembly to form buckled structures.
Introducing ethanol into a droplet at a concentration of 40 wt% reduced
the surface tension, causing partial contact line pinning on the surface,

which led to asymmetric shrinkage. Contact-line pinning occurred in
one direction, whereas uniform shrinkage occurred in the perpendicular
direction. The asymmetric shrinkage behavior became more pro-
nounced with increasing ethanol content, driving the assembly of par-
ticles to form anisotropic ellipsoid-like structures. Modifying the three-
phase line shrinkage behavior enhances the diversity of supraparticle
morphologies, which helps expand its applicability in nonbleaching
pigments and full-color display pixels.

Harraq et al. investigated the effect of the aspect ratio of particles
within a droplet at a low concentration (0.01 volume fraction) during
assembly [98]. The supraparticle structure changed from buckled to
spherical when the ratio of the rod-shaped to spherical particles was
adjusted.When the concentration of particles inside the droplet was low,
the particles aggregated at the gas-liquid interface under the dual action

Fig. 8. (a) Controllable fabrication of supraparticles by dynamic three-phase contact line behaviors, including continuous receding, receding and then pinning, and
asymmetric receding of the TPCL. Reproduced with permission [101]. Copyright 2015, American Chemical Society. (b) Change in the pressure drop across the shell,
calculated throughout drying for droplets containing different aspect ratio rods. (c-h) Optical and SEM images of dried shells containing (c, d) 0, (e, f) 0.5, and (g, h) 5
sphere-to-rod number ratios, respectively. Reproduced with permission [98]. Copyright 2020, Royal Society of Chemistry. (i-p) Schematics and SEM images of well-
mixed assembly of supraparticle (i, j), core/shell supraparticle by size effect (k,l), Janus core/shell structured supraparticle (m-p). Reproduced under terms of the CC-
BY license [100]. Copyright 2021, The Authors, published by MDPI.
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of advection and diffusion, thereby increasing the pressure drop inside
and outside the shell. The shell deforms and generates non-spherical
supraparticles when the mechanical strength of the shell is insufficient
to counteract the pressure drop. This deformation phenomenon is pro-
nounced when monodisperse spherical particle dispersion droplets were
used because such particles are more accessible to form close-packed
ordered structures, which significantly reduces the permeability of the
shell and generates a more significant pressure drop. Introducing
building blocks with a large aspect ratio, such as rod-shaped structures,
can help maintain this buckling behavior. As shown in Fig. 8b, pressure
drops after the formation of the assembled shell decrease with the
increasing aspect ratio of the building blocks because the smaller the
aspect ratio, the closer is the stacking behavior of the rod structure to
that of spherical particle, and the tighter is the formed shell. In contrast,
building blocks with large aspect ratios are unlikely to achieve orien-
tation consistency, which results in a jamming structure formed by rod-
shaped structures. This jamming structure had a higher permeability
than spherical particles with a small aspect ratio, which significantly
reduces the pressure drop and helps avoid the formation of non-
spherical supraparticles. Therefore, the permeability of the assembled
shell structure and the supraparticle morphology can be controlled by
mixing high-aspect-ratio silica nanorods with spherical silica nano-
particles and controlling the ratio in the dispersion. As shown in Fig. 8c-
h, the obtained supraparticles transformed from spherical to buckled
non-spherical structures by increasing the amount of introduced
spherical particles while maintaining a constant concentration of rod-
shaped particle, and the degree of buckling showed a positive correla-
tion with the number of spherical particles. Thus, adjusting the aspect
ratio of the primary particles provides a feasible strategy for construct-
ing supraparticles with controllable morphology at low concentrations.

In addition to the aspect ratio, Shim et al. achieved controlled
fabrication of heterogeneous supraparticles with well-mixed core-shell
and Janus core-shell structures by manipulating the shape, size, and
dispersity of the building blocks [100]. Unlike the size of the building
blocks and dispersity of particles in the droplets, merely changing the
shape of the building blocks (with smaller aspect ratios) did not signif-
icant affect the morphology or structure of the supraparticles. The
evaporation process did not produce any concentration differences
when well-dispersed, and similarly-sized particles were used as building
blocks, allowing for the formation of supraparticles with uniformly
distributed primary particles. As shown in Fig. 8i, j, mixing silica
nanoparticles (D = 533 ± 10 nm) and zeolites nanocubes (D = 670 ±

140 nm) with the same volume concentration resulted in supraparticles
with a uniform distribution of both particles. Core-shell supraparticles
formed based on the differential effects of evaporation on particles when
there was a significant difference in size between the primary particles, i.
e., silica nanoparticles (D= 533 ± 10 nm) and coffin-shaped zeolite NPs
(long axis: 3.8 ± 2.2 μm, short axis: 1.3 ± 0.8 μm, and thickness: 380 ±

220 nm) (Fig. 8k). The small silica nanoparticles are enriched at the
surface, forming a dense shell, whereas the large zeolite particles are
distributed inside the supraparticles, creating a distinct boundary be-
tween them (Fig. 8l). Further, particle dispersity showed the same effect.
Mixing well-dispersed silica nanoparticles with poorly dispersed TiO2
nanoparticles (20–30 nm) at the same concentration resulted in the
aggregation of TiO2 particles to form a core structure, while silica
remained in a dispersed state near the gas-liquid interface and created a
shell structure, thereby yielding core-shell supraparticles. This provides
a new strategy to construct composite supraparticles with small particles
as the core and large particles as the shell. Furthermore, introducing
poorly dispersed particles into a well-dispersed binary dispersion
enabled the synthesis of a ternary core-shell supraparticle with a Janus
core under the synergistic effect of size and dispersity (Fig. 8m). Fig. 8n-
p show the supraparticle structure obtained by mixing TiO2 with a
dispersion of silica and coffin-shaped zeolites. Silica nanoparticles
formed a shell, with the inner core comprising zeolites and TiO2, thereby
creating a Janus structure. These results further elucidate the role of

building blocks in the assembled supraparticles and offer a practical
basis for constructing various supraparticles with different shapes and
functions by selecting appropriate building blocks.

As a platform for droplet evaporation, superhydrophobic substrates
can impose confinement effects on droplets, controlling the morphology
of the supraparticles. Sperling et al. realized the controllable preparation
of patchy anisometric and ellipsoidal silica supraparticles on a V-shaped
superhydrophobic surface by precisely controlling the shape and spatial
orientation of the supraparticles [96]. Compared with flat super-
hydrophobic surfaces, V-shaped superhydrophobic surfaces provide
specific confinement conditions to regulate the evaporation process,
enhancing the uniformity of the prepared supraparticles and effectively
controlling the direction of their extension. As shown in Fig. 9a, the
colloidal silica droplet automatically positioned itself at the center of the
V-shaped opening structure on the V-shaped superhydrophobic surface,
showing two contact points between the droplet and the substrate (i).
Owing to the restriction of vapor diffusion by the substrate, the evapo-
ration rate perpendicular to the substrate was lower than that of the free
part of the droplet that was not in contact with the substrate (ii).
Therefore, on the free side of the droplet, the droplet shrinks rapidly
because of evaporation. The aggregation behavior of the internal par-
ticles at the interface was more significant than that of the droplet in
contact with the substrate, which resulted in a change in the droplet
symmetry and stretching along the direction perpendicular to the curved
channel (iii). This anisotropic stretching continued until the droplets
were completely dry, forming anisotropic ellipsoidal silica supra-
particles. This achieves the directional deformation of the apparent
morphology of supraparticles based on superhydrophobic substrates
(iv). In this process, the degree of curvature of the substrate determines
the anisotropy of the evaporation rate during droplet evaporation.
Further, the opening angle of the V-shaped surface directly affects the
deformability during droplet evaporation. In addition, changing the
ionic strength in the colloidal droplet to control the interaction between
the colloidal particles can further adjust the aggregation behavior of the
particles during evaporation. Combined with the confinement effect of
the V-shaped surface, this method provides an opportunity to design and
construct supraparticle materials with specific anisotropy.

Oguztürk et al. combined a magnetic field with a curved super-
hydrophobic surface to construct reinforced anisometric patchy supra-
particles with self-propelling properties [97]. Colloidal droplets
containing silica and Fe3O4@Pt particles were evaporated onto a V-
shaped superhydrophobic surface (Fig. 9b) to obtain self-propelling
supraparticles with stable mechanical properties. The curved substrate
drives the assembly of the primary particles to form an anisometric
structure with silica constituting the main body of the supraparticles,
whereas the magnetic Fe3O4@Pt particles aggregate towards the mag-
netic field side, forming heterogeneous supraparticles with magnetic
and catalytic properties at one end. The Fe3O4@Pt particles comprising
the magnetic ends of the supraparticles can catalyze the decomposition
of hydrogen peroxide (H2O2) to produce oxygen, which enables the self-
propelled motion of the supraparticle in a hydrogen peroxide solution.
Furthermore, the addition of sodium silicate (Fig. 9c,d) and micro-
fibrillated cellulose (MFC) (Fig. 9e,f) to the system enhanced the inter-
action between the building blocks, effectively preventing the
destruction of the supraparticle caused by the generation of oxygen from
the catalytic reaction. Thus, the structural stability and lifespan of the
self-propelled supraparticles are guaranteed, providing a basis for the
fabrication of structurally stable self-propelling materials.

3.2. Supraparticle preparation mediated by evaporation on lubricant
surface

The evaporation on lubricant surfaces is a practical approach for
preparing supraparticles. Lubricant surfaces demonstrate very low
contact angle hysteresis for incompatible liquids, because of their
micro/nanostructures are filled with low-surface-energy lubricants. The
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lubricant prevents the liquid from infiltrating the substrate while
forming a wetting ridge at the periphery of the droplet. The pinning of
the droplet edges on the substrate was effectively suppressed during
evaporation, driving the assembly of internal building blocks to form
supraparticles using the droplet as a template. Gao et al. prepared a
lubricant surface by coating a hydrophobic substrate with silicone oil
and explored the particle assembly process to achieve controllable
fabrication of asymmetric supraparticles [38]. The silicone oil ascended
along the droplet when the colloidal particle dispersion droplets were
deposited on the lubricant surface. Two contact lines were formed:
liquid-liquid-air (LLA) and liquid-liquid-solid (Fig. 10a). The bottom
edge of the droplet was surrounded by an oil ridge that inhibited
evaporation at the bottom edge. Water evaporates only from the un-
covered top of the droplet, resulting in anisotropic evaporation. For a
0.05 μL colloidal droplet of PS (2.5 μm in diameter) with a volume
concentration of 0.015 %, the bottom edge of the droplet continuously
retracts during the initial stage of evaporation (< 280 s). Anisotropic
evaporation drives an upward liquid flow inside the droplet, disturbing
the dispersion of primary particles and driving the aggregation of par-
ticles at the water-air and water-oil interfaces rather than deposition. As
evaporation proceeded, an increasing number of particles aggregated at
the water-oil interface and temporarily settled into the LLA. Some par-
ticles may escape and move downward along the water-oil interface.
When these particles reached the bottom edge of the droplet, they move
inward with droplet edge retraction. In the final evaporation stage
(280–390 s), most colloidal particles at the interface are extruded into a
viscous colloidal shell, and the droplet edge begins to pin onto the
substrate. With continuous water loss, the fully stacked shell gradually
sinks until it is deposited on the substrate. Finally, anisotropic supra-
particles are formed on the surface (Fig. 10b) because of the lubricant
interlayer between the liquid and substrate. Solid particles are pre-
vented from being anchored to the substrate, making supraparticle
collection easier by solvent rinsing. Using this method, the controlled
construction of anisotropic TiO2, ZnO, SiO2, carbon diamond, and other
supraparticles can be achieved easily (Fig. 10c-g).

Kim et al. introduced a surfactant (cetyltrimethylammonium bro-
mide, CTAB) into TiO2 dispersion droplets to alter the apparent

morphology of anisotropic supraparticles [5]. CTAB reduced the surface
tension of the dispersion droplets and increased friction at the contact
line. Before reaching the critical micelle concentration (CMC), the
apparent contact angle of the droplet decreased gradually with
increasing surfactant concentration. The increase in the initial contact
diameter and contact line friction of the droplet made it difficult for the
contact line to shrink during evaporation. The apparent anisotropic
characteristics of droplet evaporation increased, realizing control of the
anisotropic supraparticle morphology (Fig. 10h). With an increase in the
surfactant concentration, the evident receding contact angle of the
droplet decreased from 105◦ (without CTAB) to 75◦ (2 mM CTAB), and
the contact diameter increased from 1305 to 1840 μm. The ratio of the
contact line moving distance to the initial contact diameter decreased
gradually from 0.6 to 0.35 when preparing supraparticles with (Fig. 10i-
l) mushroom-shaped, hemispherical, convex lens-shaped, and disc-
shaped morphologies.

Recently, Jiao et al. applied lubricant surfaces for the high-
throughput fabrication of supraparticles by mediating the evaporation
of colloidal dispersion droplets using lubricant dot arrays prepared on
superamphiphobic surfaces [114]. First, a superamphiphobic surface
(WCA = 155◦) was prepared by spraying TiO2 with a fluorocarbon
surfactant mixture. A hydrophobic pattern was obtained by treating the
surface with UV light (WCA = 143◦). Subsequently, the patterned sur-
face was impregnated with a lubricant to obtain a lubricated dot array
with a superamphiphobic background (water sliding angle (WSA) =

20◦). After deposition on the surface, the droplets were bound to the
lubricated dot array for evaporation because of the difference in surface
wettability between the patterned area and the background. Except for
cases in which the droplet size was too large, or the lubricant dot was too
small, the lubricant formed an oil ridge in the droplet periphery and
underwent the same evaporation process as that of conventional lubri-
cant substrates, thus obtaining anisotropic supraparticles. The
morphology of the supraparticles can be modulated by synergistically
controlling the diameter of the lubricant dots and droplet volume.
Benefiting from the spatial confinement effect of the lubricant surfaces,
this strategy achieved a high-throughput preparation of supraparticles,
with 42 supraparticles on a single surface (76.2 mm × 25.4 mm) and a

Fig. 9. Curved superhydrophobic surface mediated fabrication of anisometric supraparticles. (a) Mechanism and optical images of anisotropic evaporation on bent
superhydrophobic surface. (i) Homogeneously distributed dispersion droplet sitting within the cleft of the bending. (ii) Anisotropic evaporation attributed to blocking
the droplet sides. (iii) Stronger FS particle collection on the droplet open sides promotes droplet elongation. (iv) Shape retention during further shrinking to final
dried FS supraparticle. Reproduced with permission [96]. Copyright 2017, Wiley-VCH. (b) Scheme for preparing patchy supraparticles in the presence of magnets. (c-
f) Microscopy images of the front (c, e) and back (d, f) side of Na2SiO3 associated FS-based (c, d) and MFC & Na2SiO3-associated FS-based (e, f) supraparticles.
Reproduced with permission [97]. Copyright 2021, Wiley-VCH.
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total mass of 147 mg. Heterogeneous supraparticles with magnetic and
catalytic properties were achieved by evaporating binary droplets con-
taining Fe3O4 and TiO2 nanoparticles, and the methylene blue degra-
dation efficiency under UV irradiation reached 98.2 %. The catalysts can
be rapidly recycled with the help of a magnetic field, which is a reliable
strategy for the high-throughput preparation of supraparticles.

Ouzo is a Greek anise-flavored aperitif composed of water, ethanol,
and anise oil. Ethanol evaporates preferentially during the evaporation
of Ouzo droplets, resulting in a decrease in oil solubility (Ouzo effect).
Therefore, phase separation occurs at the contact line where the oil
droplets were initially formed. Researchers developed a novel self-
lubricating evaporation method to construct supraparticles. Tan et al.
dispersed colloidal particles into ternary droplets composed of water
(39.75 vol%), ethanol (59.00 vol%), and anise oil (1.20 vol%), and

performed droplet evaporation on a hydrophobic surface to construct
anisotropic porous TiO2 supraparticles [31]. As shown in Fig. 11a, Ouzo
droplets containing colloidal particles formed a spherical cap structure
on the surface. As the evaporation proceeded, ethanol evaporated faster
than water, leading to the precipitation of anise oil in the droplet. An oil
ring formed beneath the droplet, constituting a self-lubricating substrate
(Fig. 11b, c). When the as evaporation was complete, solid supra-
particles were obtained (Fig. 11d, e). Laser scanning confocal micro-
scopy further clarified the self-lubricating processes of droplet
evaporation and nanoparticle self-assembly. Different phases were
distinguished by adding xylene (for the oil phase) and rhodamine 6G
(for the water phase) to the initial droplets, and a series of horizontal
scans were performed at about 10 μm above the substrate to track the
formation of the oil ring. Fig. 11a-e illustrates the dynamic evaporation

Fig. 10. Evaporation on the lubricant surface mediated supraparticle fabrication. (a) Snapshots of colloidal droplets evaporating on oil-coated hydrophobic. (b)
Schematic of the droplet evaporation on the oil-coated surface. (c-e) Oblate supraparticles obtained by (c) TiO2, (d) ZnO, and (e) SiO2, respectively. Insets in (d, e)
show the porous structures. (f-g) Morphology (f) and surface structure (g) of carbon diamond supraparticles with a nearly spherical shape. Reproduced under terms of
the CC-BY license [38]. Copyright 2019, The Authors, published by American Chemical Society. (h) Shape diagram for supraparticles synthesized by different
apparent contact angles, ratios of moving distances, and initial contact diameters of dispersion droplets. (i) Magnified SEM image of TiO2 supraparticle of (j). (j-l)
SEM images of synthesized supraparticles of (j) mushroom shape, (k) convex lens shape, and (l) disk shape. Reproduced with permission [5]. Copyright
2021, Elsevier.
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process, where blue, yellow, black, and red represent the aqueous so-
lution, phase-separated oil, nanoparticles (clusters), and hydrophobic
substrate, respectively. At the onset of evaporation, there was no sig-
nificant phase separation in the droplet, and the nanoparticles were
highly dispersed (Fig. 11a). As evaporation proceeded, the nanoparticles

aggregated through mutual interactions. The nucleated oil micro-
droplets were attached to the nanoparticles (clusters) owing to the
preference for heterogeneous nucleation on the surface over homoge-
neous nucleation in the liquid phase. After the nucleation of the
microdroplets, more nanoparticles attached to the oil-water interface.

Fig. 11. Supraparticle assembly through self-lubricating evaporating colloidal ouzo drops. (a-e) Illustrations of “self-lubrication” and corresponding confocal
photographs. Color indications under a confocal microscope: yellow, oil; blue, water/ethanol; black, clusters of nanoparticles; red, substrate. (a) The initial state of
ouzo droplet with well-dispersed nanoparticles. (b) Oil ring formation mediated prevention of nanoparticle deposition at the contact line. (c) Shrinkage of the oil ring
sweeps nanoparticles/clusters from the substrate, and the generated supraparticles either float on the residual oil (d) or sit on the substrate (e). (f–k) SEM images of
the generated porous TiO2 supraparticles (f), TiO2-SiO2 binary supraparticles (g, i), and TiO2-SiO2-Fe3O4 ternary supraparticles (h, j, k). Reproduced under terms of
the CC-BY license [31]. Copyright 2019, The Authors, published by Springer Nature. (l) Submillimeter-sized supraparticles were obtained after the evaporation of
colloidal droplets. The shape changes from pancake-like (leftmost) to American football-like (rightmost) with an increasing size of particles. (m) Supraparticle
formation visualized by confocal microscopy, (i) Initially, the oil microdroplets are formed on the substrate due to the phase separation of oil. (ii) Oil microdroplets
coalescence, forming the oil ring. (iii) The oil ring contracts in diameter as the liquids evaporate. (iv − vii) At t = tc0, the shell stops contracting. However, tc0,small <

tc0,large, and consequently, the final diameters of the shell are different for the two cases: d*pancake (iv and v) is larger than d*football (vi and vii). Reproduced under
terms of the CC-BY license [25]. Copyright 2021, The Authors, published by American Chemical Society. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Meanwhile, the nucleated oil microdroplets coalesced to form an oil ring
at the edge of the droplet, preventing the aggregation of nanoparticles
(clusters) at the air-oil-substrate contact line (Fig. 11b). As the droplet
shrank, the oil ring was forced to slide inward, driving the assembly of
the internal particles to form three-dimensional supraparticles
(Fig. 11c). The oil ring gradually shrunk until the droplet was suspended
on the surface and the final morphology of the supraparticles was
formed. The ridges of the oil ring wrapped around the edge of the
colloidal droplet, with its inner ridge forming the lower half of the dy-
namic template for nanoparticle self-assembly. The liquid-air interface
constitutes the upper half, where supraparticles are formed, driven by
oil-wetted ridges. Thus, different evaporation configurations can be
obtained by adjusting the oil concentration in the mixture (resulting in
oil-wetted ridges of various sizes), which generates supraparticles with
distinct morphologies, as shown in Fig. 11d, e. Additionally, by con-
trolling the type of nanoparticles, monocomponent (TiO2, Fig. 11f), bi-
nary (TiO2-SiO2, Fig. 11g,i), and ternary (TiO2-SiO2-Fe3O4, Fig. 11h,j,k)
supraparticles could be easily prepared. During evaporation, some oil
droplets remained within the droplets and assembled into particles.
After the supraparticles were formed, the oil slowly escaped from the
supraparticles, forming pore structures with a porosity exceeding 90 %
(Fig. 11i-k). Thus, this supraparticle construction strategy is effective for
constructing porous catalytic materials.

Raju et al. investigated the effect of the colloidal particle size on the
morphology of supraparticles based on a self-lubricating droplet evap-
oration strategy [25]. As shown in Fig. 11l, seven spherical silica
colloidal particles with sizes ranging from 20 nm to 1 μm were inte-
grated into Ouzo droplets for supraparticle fabrication. With the varia-
tion in colloidal particle size, the size of the supraparticles in the
horizontal direction decreased with an increase in the number of
building blocks and exhibited various shapes. When the diameter of the
colloidal particles was less than 100 nm, the supraparticles exhibited a
“pancake” shape; conversely, colloidal particles with diameters larger
than 100 nm formed an “American football” shape. In situ monitoring of
the evaporation of the Ouzo droplet indicated that the supraparticle
assembly depended on the creation of a flexible colloidal particle shell at
a fast-moving interface. As shown in Fig. 11m, as evaporation pro-
ceeded, silica nanoparticles assembled at the oil-water interface to form
a flexible shell with a lateral width, which continuously decreased and
adjusted its shape according to the shape of the oil-water interface. After
a certain period, the shell transitioned from flexible to rigid and ceased
shrinking (Fig. 11m,iv&vi). The size of the building blocks determines
the duration of the transitions. When the size of building blocks is large,
the shell deformation stopped at the ceasing time (tc0,large), where tc0,
large/tw = 0.99 ± 0.01, close to the time of evaporation of all water
(Fig. 11m,vi); on the other hand, for small-sized colloidal particles, the
shell stops deforming at an early ceasing time, tc0,small, where tc0,small/tw
= 0.94 ± 0.02. Simultneously, water remained in the central region of
the droplet (Fig. 11m,iv). After the shell composed of small building
blocks stops shrinking (tc0,small= 0.94tw), it can no longer conform to the
oil-water interface. Therefore, with further water evaporation, most
silica particles accumulated at the air-water interface, eventually
forming pancake-shaped supraparticles (t = tw). However, for larger
building blocks with tc0,large= 0.99tw, the shell remained consistent with
the oil-water interface until the end (tw), resulting in a considerable
number of particles at both the air-water and oil-water interfaces, which
led to the formation of football-shaped supraparticles. Furthermore, the
bottom diameters of the pancake-shaped supraparticles were larger than
those of the football-shaped supraparticles (d*pancake > d*football, Fig. 11m,
iv&vi). The evaporation of self-lubricating droplets provides a basis for
constructing supraparticles of various shapes and sizes.

Recently, Heo et al. established a large-scale supraparticle fabrica-
tion strategy with the simultaneous regulation of the supraparticle size
by confining Ouzo droplets using hydrophilic patterns of different sizes
constructed on a hydrophobic surface [115]. PDMS brushes were grafted

onto a common substrate to obtain a hydrophobic surface owing to their
excellent liquid repellency and low contact angle hysteresis. Then, the
hydrophobic layer was treated with oxygen plasma under masking to
decompose the exposed PDMS into circular hydrophilic micropatterns of
different sizes (50, 100, 300, and 500 μm). Finally, the Ouzo droplets
containing the colloidal silica particles evaporated on the surface. The
hydrophilic patterns confined the Ouzo droplets to specific regions,
enhancing the fabrication throughput, while their sizes could be
adjusted by contact line shrinkage driven by the Ouzo droplet oil ring,
regulating the final size of the supraparticles. This approach enabled
rapid and large-scale fabrication of supraparticles with diameters of 21
± 3, 141 ± 1, 79 ± 4, and 99 ± 3 μm, respectively, providing a simple
and high-throughput droplet evaporation-mediated supraparticle con-
struction model for practical applications [115].

4. Applications of supraparticles fabricated by droplet
evaporation

Supraparticles allow the assembly of nanoparticles into larger solid
structures, enabling easier material handling and recovery while
reducing the hazards associated with the high mobility of nanoparticles
[116]. As an agglomerate, a supraparticle combines the basic func-
tionalities of nanoparticles, such as a high specific surface area, intrinsic
material properties, and catalytic activity, and enhances functionality
through synergism, coupling, and co-localization, surpassing the simple
functional sum of the primary structural units. Therefore, supraparticles
demonstrate potential applications in catalysis [94,117], sensing
[118–120], efficient delivery [116,121], optical applications
[65,122,123], carbon dioxide capture [124].

4.1. Catalytic applications

The large porosity and specific surface area of supraparticles can
provide more reaction sites and enhance material transfer efficiency.
Meanwhile, supraparticles can effectively protect functional materials
from damage by the external environment, endowing them with good
prospects in catalysis.

Enzymes can efficiently catalyze many biological reactions in living
organisms and artificial reaction systems. Enzyme-catalyzed cascade
reactions reduce the activation energy of reactions and avoid side re-
actions caused by the cooperation of multiple enzymes and their high
specificity, thereby improving the chemical reaction rate while ensuring
high catalytic efficiency and throughput. Compared to the dispersed
systems, using supraparticles as enzyme/enzyme carriers shorten the
substance transfer distance between the enzymes and carriers. They
possess large specific surface areas, accelerate substance transfer, and
significantly improve the efficiency of cascade reactions. Jo et al. con-
structed multimodal enzyme-carrying supraparticles for rapid and visual
glucose detection by evaporating silica nanoparticle dispersion droplets
carrying glucose oxidase (GOx) and horseradish peroxidase (HRP) on a
lubricant surface [117]. GOx catalyzes the oxidation of glucose to glu-
conic acid generating H2O2. HRP oxidizes potassium iodide (KI) to
produce iodine by consuming H2O2, which resulted in solution colora-
tion and the formation of a glucose sensor (Fig. 12a). The efficiency of
cascade reactions catalyzed by enzyme-carrying supraparticles is 2.9
times higher than that of enzyme-carrying nanoparticle dispersion sys-
tems (2.7 × 10− 4 mM/s) because of the confinement effect of the
supraparticle on the enzyme-carrying particles and the enhanced
accessibility of reactants to enzymes attributed to the porous structure.
The prepared enzyme-carrying supraparticles could be used for glucose
diagnosis based on enzyme-cascade reactions. As shown in Fig. 12b, a
mixture of urine from diabetic patients and a KI solution was dropped
onto enzyme-carrying supraparticles for glucose detection, and the
glucose content of different samples was determined using a commercial
glucometer. After 20 min, the urine samples from patients with diabetes
turned brownish-yellow, corresponding to glucose levels of #1: 484 mg/
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dL, #2: 343 mg/dL, #3: 268 mg/dL (Fig. 12b). In contrast, the normal
urine samples showed almost no color change within 20 min, falling
within the range of normal glucose levels (37.3 mg/dL). Thus, visual
glucose diagnosis based on enzyme-carrying supraparticles was ach-
ieved. Further integration with Nanodrop spectroscopy to measure the
absorbance of enzyme-carrying supraparticles reacting with different
concentrations of glucose and KI solutions at 250–450 nm yielded a
standard curve for glucose determination. Compared to measurements
obtained using a commercial glucometer, the glucose content error was
only ±5 %, which enabled the accurate quantitative analysis of glucose
content in urine samples at the diagnostic level, making the enzyme-
carrying supraparticles a promising biosensor.

In addition to enzyme catalysis, the porous structure of supra-
particles can effectively enhance the diffusion of reactants or products,
improving their performance in practical applications, such as hetero-
geneous catalysis. In a previous study, we constructed TiO2 supra-
particles with a high porosity and used them for the photocatalytic
degradation of Rhodamine B [94]. First, TiO2-PS binary supraparticles
were obtained by evaporating droplets of organic-inorganic binary (PS-
TiO2) colloidal dispersions on a superhydrophobic surface. Subse-
quently, the PS phase was removed by calcination, resulting in TiO2
supraparticles with hierarchical porous structures. The porosity of TiO2
supraparticles was controlled by adjusting the volume ratio of TiO2 to PS
in the evaporating droplets, and a maximum porosity of 92.1 % was

Fig. 12. Catalytic applications of supraparticles. (a) Schematics for the supraparticle-based glucose assay. (b) Glucose assay for human urine samples. The generation
of a yellow-brown color after 20 min indicates the progression of reactions. Reproduced with permission [117]. Copyright 2022, Wiley-VCH. (c) Optical image of
rhodamine B (RhB)/supraparticle solutions after exposure to UV-A for 22 h. (d) Relationship between the degradation of RhB and irridation time for supraparticles
with different porosities. (e) Relationship between photocatalytic efficiency and porosity. Reproduced under terms of the CC-BY license [94]. Copyright 2019, The
Authors, published by American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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achieved. The combination of macropores derived from the PS templates
and mesoporous structures formed by the self-assembly of TiO2 nano-
particles effectively enhanced the mass transfer efficiency inside and
outside the supraparticles, resulting in an increase in the photocatalytic
degradation efficiency of Rhodamine B with an increasing porosity of
equal mass TiO2 supraparticles (Fig. 12c, d). The photocatalytic activity
of the supraparticles with maximum porosity was approximately 2.7
times higher than that of the supraparticles without macropore struc-
tures (Fig. 12e). This study provides a new strategy for preparing highly
porous materials and high-performance catalysts, further expanding the
applications of supraparticles in catalysis.

4.2. Sensitive SERS detection

Surface-enhanced Raman spectroscopy (SERS) substrates are
another important application of supraparticles in the development of
rapid and highly sensitive detection techniques for ultra-low analyte
concentrations [125–127]. Compared to a traditional flat substrate,
Zhizhchenko et al. proved that a structured substrate could significantly
enhance the sensitivity of SERS analysis [128]. They fabricated a central
superhydrophilic trap structure encircled by periodically aligned
superhydrophobic columns on the surface of a bulk polytetrafluoro-
ethylene substrate, employing a rapid and straightforward direct

femtosecond pulsed filament-assisted ablation technique. The consid-
erable lateral size of the center trap prevented the transition of the
deposited droplets to the Wenzel state, preventing the fixation of the
three-phase contact line until the droplet has completely evaporated,
thereby achieving the smallest contact area diameter in the Cassie-
Baxter state and allowing the analyte molecules to be concentrated
and deposited in the designated area. The structure enables the efficient
deposition of rhodamine dye dissolved in 10− 10 M in 5 μL water droplets
onto a 90 × 90 μm2 target. The proposed texture provided a concen-
tration factor of 103 mm, which is one order of magnitude higher than
that of the previously reported surface textures. Furthermore, the sur-
face can serve as a multifunctional biosensing platform that can detect
the fingerprints of deposited analyte molecules through SERS
enhancement, with an estimated detection threshold surpassing 10− 15

mol⋅L− 1. Compared to typical one-dimensional and two-dimensional
nanostructures, employing three-dimensional assembled supraparticle
as SERS substrates offers great advantages such as a larger hotspot
volume, higher surface area, and higher hotspot density, which present
broad prospects in fields such as food safety, environmental protection,
and bioanalysis [129–131]. Cao et al. achieved three-dimensional
Au@Ag supraparticles by evaporating core-shell Au@Ag nanoparticle
dispersion droplets and utilizing them as SERS substrates to detect
thriams and antibiotics [119]. The evaporation of droplets drives the

Fig. 13. Sensing applications by employing supraparticles as SERS substrates. (a) SEM images of 3D Au@Ag supraparticles. (b, c) SERS spectra of thiram (b) and CTR
(c) on 3D supraparticle-based substrates after incubation with solutions of different concentrations. Reproduced with permission [119]. Copyright 2023, Elsevier. (d-
f) SEM images of four-side views (top, left, bottom, right, clockwise) of binary PS-Au supraparticles (d), binary supraparticle surface (e), and porous Au supraparticle
surface after calcination (f). (g, h) Multiplex SERS detection of environmental contaminants and SERS detection in an environmental matrix of a mixture solution
containing MGITC, RhB, BZT, and a mixture solution containing adenine, thymine, guanine, and cytosine. (i) Sensitivity test for MGITC detection in wastewater
influent with different concentrations. Reproduced with permission [118]. Copyright 2022, Royal Society of Chemistry.
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internal particle assembly to form millimeter-sized supraparticles
(Fig. 13a), with each supraparticle containing over 104 Au@Ag nano-
particles forming numerous three-dimensional hotspots. Moreover, the
non-close-packed assembly structure facilitated the diffusion of more
target molecules towards the hotspots, enhancing the interaction and
providing higher sensitivity.

The 3D supraparticle SERS substrate exhibited excellent SERS
sensitivity when detecting thiram in the 0.005–5.0 mg/L range. As
shown in Fig. 13b, even at the limit of detection (LOD) of thiram (0.005
mg/L, 20 nM), the characteristic Raman peak of the target molecule
(1380 cm− 1) could still be observed. The three-dimensional porous
structure endowed the supraparticle-derived SERS substrate with higher
sensitivity than those of the conventional three-dimensional multilayer
stacking structures, whose sensitivity increased by approximately 8-
fold. Moreover, the non-close-packed assembly structure ensured the
uniformity of the hotspots on the surface of the supraparticles. The
relative standard deviation (RSD) between different sampling points of
the same supraparticle was 13.7 %, and the RSD between different
supraparticles was only 9.3 %, which confirms the reliability of using
supraparticles as SERS substrates for detection. In addition to thiram,
the prepared supraparticles exhibited excellent antibiotic detection
performance. Fig. 13c shows the SERS spectra at different concentra-
tions of ceftriaxone sodium (CTR). Significant characteristic Raman
peaks of CTR (1360 cm− 1) could still be obtained at low concentrations.
Calculating the CTR adsorption curve revealed that the LOD for CTR
could reach 1.0 mg/L, further demonstrating the enhanced detection
sensitivity.

Kang et al. obtained porous Au supraparticles as SERS substrates for
environmental pollutant detection [118]. First, binary hollow dome-
shaped supraparticles were fabricated by liquid droplet evaporation
on a superhydrophobic surface using Au nanoparticles (diameter of
approximately 43 nm) and PS particles (diameter of roughly 600 nm) as
building blocks (Fig. 13d). In the binary supraparticles, the PS particles
were assembled into a hexagonal close-packed structure, whereas the Au
nanoparticles filled the gaps between the PS particles, forming an or-
dered patterned structure on the surface of the supraparticles (Fig. 13e).
After calcining at 500 ◦C, the organic phase was removed, leaving
porous supraparticles composed entirely of Au nanoparticles (Fig. 13f).
The resulting shell-like structure of the supraparticles effectively
shortened the diffusion distance, enabling the target molecules to adsorb
rapidly onto the gold surface and improve the response speed. Combined
with the large pore structure and high porosity generated under the
inorganic to organic phases ratio of 1:9, the supraparticles exhibited
excellent SERS performance, with the LOD for Malachite green iso-
thiocyanate (MGITC), RhB, benzenethiol (BZT), atrazine (ATZ),
adenine, and an oligonucleotide gene segment were 41.0 nM, 98.4 nM,
1.8 μM, 37.7 μM, 1.7 μM, and 1.0 μM, respectively, indicating their
broad applicability for pollutant detection. The prepared supraparticles
enabled multiplex SERS detection because of the differences in the
characteristic Raman peaks of different pollutants. As shown in Fig. 13g,
h, using gold supraparticles as SERS substrates helped realize the
detection of mixtures of MGITC, RhB, BZT, and four nucleotides
(adenine (A), thymine (T), guanine (G), and cytosine (C)). Characteristic
peaks of each component in both mixtures were observed in the SERS
spectra. They can be used to quantitatively detect components,
demonstrating the performance of porous gold supraparticle multiplex
SERS substrates for environmental pollutants. Furthermore, SERS
detection of MGITC in pure water and wastewater using porous gold
supraparticles showed a positive linear correlation between the char-
acteristic intensity at 418 cm− 1. Each data point of the logarithm of the
concentration in wastewater fell within the 95 % confidence interval of
the calibration curve of MGITC in pure water (Fig. 13i). These results
indicate that wastewater had limited interference on the SERS perfor-
mance of the porous supraparticles, proving the utility of the prepared
supraparticles as SERS substrates for environmental analysis.

4.3. Drug delivery

The properties of supraparticles, such as large pore volumes and
surface areas, render them ideal delivery vehicles. The large size of the
assembled structures effectively reduces the hazards associated with
nanomaterials because of their high mobility and non-specific surface
activity while retaining the properties of the building blocks [132].

Mattos et al. used biogenic silica (BSiO2) as building blocks and
cellulose nanofibers (CNFs) as binders to construct stable supraparticles
by evaporating binary colloidal droplets on a superhydrophobic surface,
which were then used for the efficient delivery of green biomolecules
(thymol) to the soil [116]. As a simple and green construction strategy,
droplet evaporation allows the rapid (approximately 10 min) formation
of spherical supraparticles at 60 ◦C. The main structure of the supra-
particles was constructed using BSiO2 particles with a high specific
surface area (~350 m2/g), whereas CNFs with unique properties such as
biodegradability, high aspect ratio, strength, and stiffness formed a
three-dimensional network structure interspersed between the BSiO2
particles and interacted with the particles through hydrogen bonding,
endowing the supraparticles with high porosity and strength. Uniaxial
compression tests showed that the fracture force of supraparticles pre-
pared with 5 wt% CNFs reached 1.25 N, indicating ideal mechanical
strength and effectively addressing the toxicological and environmental
issues arising from structural damage in the carrier systems. As a carrier
system, the drug molecule thymol can be loaded into the supraparticle
structure through various methods such as pre-loading, in situ loading,
and post-loading without significantly affecting the mechanical perfor-
mance (Fig. 14a). Different loading methods also affect loading effi-
ciency. As shown in Fig. 14b, in situ loading resulted in a low loading
capacity of ~12 mg/g due to the volatility of the biomolecules during
liquid droplet evaporation. Pre-loading was limited by the encapsulation
efficiency of BSiO2, which achieved a loading capacity of 40 mg/g.
However, post-loading resulted in a larger loading capacity of 80 mg/g
because of the aggregation of molecules in the interstices of the supra-
particles. Therefore, different loading methods can be selected based on
the requirements of the carrier systems, and the operational flexibility
provides a broader range of applications. In addition to the loading ca-
pacity, the release of carrier systems determines their application per-
formance. As shown in Fig. 14c, the delivery systems constructed using
different loading strategies exhibited similar release curves, with the
total amount of thymol released into water proportional to the initial
payload. The release of thymol underwent two distinct stages: rapid
release within the first 12 h, followed by slow release from 12 to 170 h
(Fig. 14c). After 170 h, none of the delivery systems reached equilib-
rium, indicating that the use of supraparticle structures for delivery
could achieve long-term, sustained release of payloads. In addition, as a
carrier of the assembly structure, the supraparticle can protect the in-
ternal payloads and reduce photo-degradation caused by light exposure.
After 24 h of visible light irradiation, thymol retention in the supra-
particle delivery system, nanoparticle carrier system, and thymol solu-
tion was 100 %, 60 %, and 15 %, respectively. After 72 h of irradiation,
thymol retention in the supraparticle system was 65 %, which was more
than twice that of the nanoparticle carrier system, further confirming
that supraparticle delivery systems can effectively enhance the long-
term biological activity or bioavailability of specific payloads.

Wang et al. prepared mesoporous silica supraparticles using droplet
evaporation and loaded them with the therapeutic protein, brain-
derived neurotrophic factor (BDNF) for sustained inner-ear drug de-
livery [121]. As illustrated in Fig. 14d,e, mesoporous silica with a
diameter of 400 nm was used as the building block, and silica supra-
particles were prepared via controlled evaporation by dispersing drop-
lets on a paraffin film surface. Then, annealing was carried out at 650 ◦C
to enhance the mechanical stability of the supraparticles. Subsequently,
BDNF was loaded onto the supraparticles to create a therapeutic protein
delivery system. The assembled spherical supraparticles inherited the
bimodal pore structure of mesoporous silica with sizes of 2–3 and 15–30
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nm, whereas the stacking of particles formed large pores and channel
structures of 100–200 nm. The presence of this hierarchical pore
structure endowed the supraparticles with a surface area of 888 m2/g
and a pore volume of 2.0 cm3/g, facilitating the transport of bio-
macromolecules throughout the supraparticles and providing a high
surface area for loading various sizes of drugs, such as small molecules,
proteins, and nucleic acids. Post-loading of BDNF showed that the drug
loading capacity of individual supraparticles with a size of 580 μm
reached 1.33 μg. The delivery system achieved long-term sustained
release through interactions between the supraparticles and BDNF. In a
release test that lasted 70 days, BDNF exhibited rapid release in the first
month, followed by a gradual decrease until completion. Histological
images of the guinea pig cochlear treated with BDNF-loaded and
unloaded supraparticles for 28 days in a cochlear perforation model are
shown in Fig. 14f, g. The survival rate of primary auditory neurons (ANs)
in the cochlea treated with BDNF-loaded supraparticles was higher, with
a density of 1302 AN/mm2 (Fig. 14f), which was 2.7 times higher than
that of the control group (484 AN/mm2, Fig. 14g). This implies that the
supraparticle delivery system is suitable for implantation into the
injured cochlea, and that the amount of BDNF released reaches the
therapeutic level required for neuronal survival. Moreover, long-term
sustained release ensures continuous drug delivery to injured tissues,
guaranteeing the time required to repair the injured neurons. Therefore,

it can alleviate the effects of surgical trauma and preserve the residual
hearing and primary auditory neuron populations during cochlear
implantation.

4.4. Optical applications

Supraparticles, as assemblies of building blocks, can self-assemble
monodisperse colloidal particles into crystal arrays, thereby providing
an effective tool for manufacturing advanced functional materials. The
periodicity of the building blocks in supraparticles at the micro- and sub-
micronscales endows these artificial structures with light-manipulation
capabilities similar to those of natural opals (three-dimensional pho-
tonic crystals). Controlling characteristics such as long-range ordering,
maximum packing density, well-defined pore size, and high surface-to-
volume ratio of the particles enables the use of these supraparticles in
photonics, light scattering, anti-reflection, and other optical fields
[133–136].

Rastogi et al. mixed monodisperse colloidal PS particles of different
sizes with Au nanoparticles with a diameter of 22 nm and obtained PS-
Au opal supraparticles [29]. As illustrated in Fig. 15a, the small Au
nanoparticles filled the gaps between the PS microspheres during
droplet evaporation, which increased the effective refractive index be-
tween the microspheres and enhanced light reflection while reducing

Fig. 14. Drug delivery mediated by supraparticles. (a) Schematic of the loading methodologies employed to form the bio-based biocidal superstructures. Three
distinct cargo loading strategies were demonstrated. (b) Thymol payload in the superstructured biocides as a function of methods for loading. (c) Biocide release
profiles normalized to the mass of thymol. Reproduced with permission [116]. Copyright 2018, Wiley-VCH. Schematic of (d) the preparation of mesoporous
supraparticles and (e) surgical implanting of supraparticles in the inner ear. (f, g) Histological images of a cochlea from a profoundly deafened guinea pig treated with
(f) BDNF-loaded and (g) unloaded supraparticles. The arrowheads indicate surviving ANs (primary auditory neurons). Reproduced with permission [121]. Copyright
2014, Wiley-VCH.
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back-scattering, thus producing high-contrast structural colors. As the
diameter of the PS microspheres increased from 420 to 1000 nm, the size
of the colored rings on the supraparticle surface decreased, whereas the
number of rings increased with the PS diameter. Supraparticles assem-
bled from 320 nm PS colloidal microspheres displayed only a blue ring.
In contrast, supraparticles with larger diameter building blocks pro-
duced blue, green, yellow, and red rings, thereby realizing the regula-
tion of supraparticle reflection bands in a controllable manner.

Lim et al. prepared buckled photonic microgranules using silica and
carbon black nanoparticles as building blocks and Leidenfrost droplets
as rapidly shrinking template [123]. As shown in Fig. 15b, an ethanol
suspension containing SiO2 and carbon black nanoparticles formed
Leidenfrost drops on the surface at temperatures far above the boiling
point of ethanol. Ethanol evaporated immediately from the bottom of
the droplet, creating a vapor film between the droplet and surface. The
vapor film no longer supported the remaining droplet, and the residual
ethanol rapidly evaporated from the top surface of the droplet. Asym-
metric evaporation caused the top surface of the droplet to buckle and
form buckled supraparticles. Owing to the rapid evaporation in this
method, SiO2 particles do not have enough time to create an ordered
assembled structure; instead, they accumulate into an amorphous
structure, which exhibits strong incoherent multiple scattering and ap-
pears white. Therefore, carbon black nanoparticles were introduced to
suppress whitening and enhance the color contrast. The photonic
supraparticles prepared from Leidenfrost droplets were composed of a

glassy packing of SiO2 particles, and their structural color was angle-
independent, allowing for the preparation of photonic supraparticles
covering the entire visible range by simply varying the size of the SiO2
particles. As shown in Fig. 15c-e, red, green, and blue photonic supra-
particles were obtained using SiO2 particles with diameters of 295, 256,
and 190 nm, respectively. This angle-independent photonic supra-
particle preparation process is rapid, with a stable optical color depen-
dent on the supraparticle size. They are suitable alternatives to chemical
or toxic dye materials for many practical coloration applications.

Bigdeli et al. constructed photonic crystal supraparticles with a
spherical upper top and a cavity structure at the bottom by controlling
the colloid droplet concentration and particle size (Fig. 15f-h) [65]. With
the assembly of SiO2 nanoparticles, the solid-liquid interface undergoes
light scattering, and the wavelength of the reflected light increases with
an increase in the assembled structure, causing a gradual color change of
the interface from white to red, orange, yellow, and finally green.
Therefore, the fabrication of anisotropic photonic supraparticles with
different reflected light colors can be realized by adjusting the size of the
building blocks (Fig. 15i), which promotes the development of various
sensors based on spectral changes.

5. Conclusion and perspectives

The last decade has witness significant developments in supra-
particle assembly mediated by droplet evaporation on

Fig. 15. Optical applications of supraparticles achieved by droplet evaporation. (a) Optical microscopy images of PS and Au nanoparticle opal supraparticles
containing microspheres of varying sizes. Reproduced with permission [29]. Copyright 2008, Wiley-VCH. (b) Schematic illustration showing the formation of
supraparticles confined by a Leidenfrost drop. (c-e) Optical microscopy images of photonic microgranules composed of three different diameters of silica particles: (c)
295 nm, (d) 256 nm, and (e) 190 nm. The inset image shows the top surface of each photonic microgranule. Reproduced with permission [123]. Copyright 2014,
American Chemical Society. SEM images of the bottom of a dried NP-laden drop: (f) entire deposit, (g) footprints of micro-pillars in the flat region shown in (f), and
(h) footprint of a single pillar. (i) Analysis of the reflected colors from the bottom view of an evaporating droplet. Reproduced with permission [65]. Copyright 2020,
American Chemical Society.
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superhydrophobic surfaces. Compared to traditional solvent-based
methods used for constructing supraparticles, the droplet evaporation
strategy effectively reduces the use of organic solvents, surfactants,
template agents, and etc. The resulting supraparticles do not require
complex postprocessing, including separation, treatment, purification,
and so on, effectively avoiding damage to the primary particles caused
by toxic reagents and processing, which helps reduce environmental
pollution and energy consumption. Meanwhile, the boundary conditions
of the assembly process can be controlled. Supraparticles with different
structures and functions can be controlled with high repeatability by
adjusting evaporation conditions such as temperature, humidity, parti-
cle concentration, composition, volume, and external field. Further,
almost all building blocks are converted into products, dramatically
enhancing the utilization of raw materials. These advantages of the
droplet-evaporation-mediated supraparticle fabrication strategy signif-
icantly promote the application of supraparticles in various fields, such
as catalysis, drug delivery, and optics. This has led to new research di-
rections for constructing novel supraparticles, such as multi-component
catalytic supraparticles, carbon-based supraparticles, and biological
assemblies, further promoting the development of supraparticles in
fundamental research and practical applications. However, the
following limitations need to be addressed before applying supra-
particles in practical scenarios.

I. The yield of supraparticles is a critical factor for practical appli-
cation. The assembly of supraparticles is completed when indi-
vidual droplets evaporate on superhydrophobic surfaces, and
therefore, the yield of these supraparticles depends dramatically
on the size of the superhydrophobic substrate and the rate at
which uniform droplets are generated. Currently, the preparation
of supraparticles using this method is limited to small quantities
at the laboratory-scale, with a maximum of hundreds of supra-
particles in a single run, which is insufficient for practical ap-
plications. Therefore, developing a prototype “supraparticle
factory” is essential for continuously and efficiently producing
uniform droplets in large quantities.

II. The size of supraparticles prepared by droplet evaporation is
another limiting factor, particularly those prepared via droplet
evaporation on superhydrophobic surfaces. Constructing spher-
ical supraparticles on superhydrophobic surfaces requires the
droplets to remain in the Cassie state during the evaporation
process, requiring the droplets to maintain a spherical shape on
the surface even when they are nearly completely dry. Currently,
superhydrophobic surfaces rely on a combination of surface
roughness and low surface energy materials, which result in
relatively large protrusions and voids on the surface, limiting the
miniaturization of the supraparticle size. Although researchers
have developed candle-soot templates and nanofilament-based
superhydrophobic surfaces that significantly reduce surface
roughness, micrometer-scale pores are still required for main-
taining superhydrophobicity. This makes supraparticles con-
structed on such surfaces with a minimum size of 10–50 μm,
considerably larger than those built in the solution-phase.
Therefore, developing superhydrophobic materials with micro-
structures or even bulk-phase materials it is of great significance,
obtaining supraparticle materials with sizes comparable to those
obtained by solution-phase methods and expanding the scope of
the applications of supraparticles.

III. The assembly of supraparticles mediated by droplet evaporation
relies on the capillary force generated by liquid evaporation to
aggregate the building block particles, hydrogen bonds, and
electrostatic interactions between the particles, without forming
stable chemical bonds. Therefore, the mechanical stability of the
prepared supraparticles is insufficient. Although some inorganic
supraparticles, such as TiO2, SiO2, ZnO, and Au can be calcined to
enhance stability, this can damage the surface properties of the

supraparticles and is not suitable for supraparticles containing
organic components, thereby making stability a limitating factor
for their application. In future research, researchers should
further design the system by introducing active ingredients to
form covalent bonds or using gel components to create a three-
dimensional network between building blocks for limiting the
domain of the supraparticles, thereby enhancing the stability to
satisfy the mechanical strength requirements for practical
applications.

IV. Many methods have been used for characterizing the structure
and properties of supraparticles, such as scanning electron mi-
croscopy, confocal microscopy, fluorescence microscopy, goni-
ometer, Brunauer-Emmer-Teller analysis, and home-built force-
sensing systems. The lack of characterization standards makes it
difficult to compare results, and therefore, standards must be
established for evaluating the porosity and mechanical stability
of supraparticles.

V. Detailed theoretical support remains lacking as the confinement-
mediated particle assembly is a new method. In future de-
velopments, theoretical researchers need to participate in the
theoretical simulation of the droplet confinement assembly pro-
cess and develop a universal theoretical system based on the
characteristics of the system for understanding and predicting the
assembly process, interaction, and structural evolution of parti-
cles in evaporating droplets, thereby promoting the further de-
velopments and improvements in this field.

We hope that the overview of the fabrication principles and appli-
cations of supraparticles mediated by evaporating droplets on liquid-
repellent surfaces presented in this review will help readers quickly
capture the recent progress of this novel fabrication strategy in supra-
particle production. We believe that droplet evaporation-mediated
supraparticle fabrication will be widely accepted and applied. More
theories and functional supraparticles will be developed from the
fundamental research and practical applications through the researcher
efforts.
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