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Abstract: Colloidal particle research has witnessed significant advancements in the past century,
resulting in a plethora of studies, novel applications, and beneficial products. This review article
presents a cost-effective and low-tech method for producing Janus elastomeric particles of varied
geometries, including planar films, spherical particles, and cylindrical fibers, utilizing a single elas-
tomeric material and easily accessible chemicals. Different surface textures are attained through
strain application or solvent-induced swelling, featuring well-defined wavelengths ranging from
sub-microns to millimeters and offering easy adjustability. Such versatility renders these particles
potentially invaluable for medical applications, especially in bacterial adhesion studies. The coexis-
tence of “young” regions (smooth, with a small surface area) and “old” regions (wrinkled, with a
large surface area) within the same material opens up avenues for biomimetic materials endowed
with additional functionalities; for example, a Janus micromanipulator where micro- or nano-sized
objects are grasped and transported by an array of wrinkled particles, facilitating precise release at
designated locations through wrinkle pattern adjustments. This article underscores the versatility
and potential applications of Janus elastomeric particles while highlighting the intriguing prospects
of biomimetic materials with controlled surface textures.

Keywords: Janus particles; elastomer; elastic instabilities; wrinkling; Janus fibers

1. Asymmetric Janus Particles: A Short Overview

The remarkable progress achieved in the field of colloidal particles over the past
century has led to numerous studies, innovative applications, and beneficial products. The
term “colloid” originated from the Greek word “kolas”, meaning “the adhesive substance”,
and was popularized by Thomas Graham, a chemist from Scotland, in 1870. Today, the
science of colloids encompasses various branches of physical chemistry and technology [1].

Colloidal particles play a fundamental role in both natural phenomena and techno-
logical advancements. Colloids consist of particles with diameters ranging from hundreds
of nanometers to a few micrometers, and they are uniformly dispersed in fluids. They are
also known as colloidal dispersions because the particles remain dispersed in the fluid, not
settling at the bottom, as happens in a suspension [2]. Colloidal systems are omnipresent
in our daily lives, with a history that dates back to ancient times. They exert a significant
impact and hold substantial influence, finding extensive applications in various goods-
manufacturing processes (including the production of potable water), biotechnological
separation processes, wastewater treatment, and even orthomolecular therapy. Numerous
tangible examples highlight their utility, such as mayonnaise, tinted glass, milk, butter,
turbid water, gelatin, blood, hair spray, clouds, and paper. Conversely, certain colloids can
be undesirable, such as soot or particle pollution. From a scientific perspective, colloids
present a captivating and intriguing nature as they exhibit characteristics that combine
the essence of both microscopic particles and macroscopic objects. Their size allows them
to be influenced by thermal energy while exhibiting Brownian diffusion slow enough to
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be observed in real time through optical microscopy. The behavior of colloidal systems is
governed by the dominant interactions, such as electrostatic, van der Waals, and dipolar
forces, mirroring the behavior observed in atomic and molecular systems. If successfully
assembled into functional structures, colloidal nanoparticles have the potential to become
the building blocks of future materials, comparable to “atoms” and “molecules” [3].

The objective of this review is to provide a comprehensive overview of the advance-
ments in the field of Janus particles, with a specific emphasis on the controlled surface
textures of elastomeric polyurethane Janus particles. We aim to highlight the significance
of these materials in various applications, including their unique structural characteristics,
synthesis methods, and potential functionalities. This review will cover the following key
aspects: historical development and fundamental concepts of Janus particles; detailed ex-
amination of surface texture control in elastomeric polyurethane Janus particles; advances
in fabrication techniques and material properties; and application-specific discussions,
particularly in fields such as biomedical engineering, environmental science, and materials
science. By systematically exploring these topics, this review seeks to provide a valuable
resource for researchers and to stimulate further innovation in this evolving area of study.

Janus particles, a unique category of colloidal particles, were first introduced in a sci-
entific publication in 1985 by Lee et al. [4]. The study focused on asymmetric poly(styrene)/
poly(methyl methacrylate) (PMMA) lattices produced through seeded emulsion polymer-
ization [4]. Subsequently, Casagrande and Veyssié conducted further investigations using
glass spheres and developed a method for creating hydrophobic nanobeads with one hemi-
sphere treated with octadecyl trichlorosilane, while the other hemisphere was protected
with a cellulosic varnish [5]. However, it was not until 1991 that the concept of Janus parti-
cles gained significant attention when de Gennes mentioned them in his Nobel Lecture [5].
De Gennes proposed the idea of amphiphilic colloidal particles with one polar and one
nonpolar face, functioning as a new type of surfactant [5,6]. These particles would adsorb
at liquid interfaces and exhibit amphiphilicity, stabilizing the interface while allowing for
“breathing” through interstices between the Janus particles. Since then, substantial progress
has been achieved in utilizing this anisotropy for materials design and assembly.

In ancient mythology, Janus, the god with two faces, symbolized duality. Traditionally,
statues of Janus were placed at temple entrances, positioned to face in opposite direc-
tions simultaneously. Similarly, Janus asymmetry can be generally defined as asymmetric
particles with at least two surface regions or bulk compositions differing in their physic-
ochemical properties [6]. These structures exist on a micro- or nanoscale and exhibit
non-centrosymmetric architectures. Janus particles, a special subset of colloidal particles,
feature different chemical compositions on their two hemispheres. The term “Janus” de-
rives from their unique architectural characteristic of having two surfaces or sides with
contrasting chemistries and/or polarities. The most prevalent form of Janus particle is a
nanosized sphere with hemispherical amphiphilicity, meaning that one hemisphere is polar
while the other hemisphere is nonpolar [5].

In the realm of modern materials research, it is common to observe parallels between
Janus particles and natural entities like fungi, plants, and viruses [7]. While the concept
of Janus particles initially garnered limited attention, it has now become widespread in
the field of colloidal systems [8–11]. Over the past 20 years, the original Janus concept has
captivated scientists and engineers, leading to the exploration of Janus particles with differ-
ent shapes. These shapes include perfectly spherical particles with two hemispheres with
different surface properties, as well as more commonly observed forms such as snowman
or dumbbell shapes (Figure 1). Janus particles can be prepared in a wide range of sizes,
and different bulk or surface properties can be “loaded” through selective modification
on each of the Janus lobes, sometimes combining in surprising ways. Researchers have
employed various materials, including inorganic substances [12–18], dendrimers [19–28],
liquid crystalline compounds [23,24,29–37], and polymers [38–50], to synthesize asymmet-
ric architectures resembling Janus particles.
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Figure 1. Types of Janus particles: ellipsoids and rods; snowman and mushroom; spherical; patchy; 
raspberry; and discs. 

2. Janus Particles: General Synthetic Routes and Applications 
Since the first successful creation of Janus particles in 1988 [51], numerous innovative 

methods have emerged for fabricating and developing these structures. These approaches 
cater to both academic research purposes and large-scale industrial applications. 

Various powerful tools have been employed to engineer the production of specific 
target structures within Janus particles. These tools include chemical methods like selec-
tive crystallization and deposition; physical methods like electrified jetting, microcontact 
printing, emulsion drying, selective deposition, surface templating, direct writing, and 
lithography; as well as biologically inspired methods utilizing plant extracts, fungi, or vi-
ruses to synthesize metal nanoparticles of different shapes. These novel approaches to 
particle synthesis offer a wide range of particle anisotropies with diverse and exotic struc-
tures, leading to unique properties such as electronic and optical characteristics. 

The techniques used for synthesizing Janus particles can be broadly classified into 
two categories: surface modification (or masking and asymmetric modification) and com-
partmentalization. Surface modification involves selectively altering one part of isotropic 
particles to create an anisotropic surface.  

The masking and asymmetric modification method is commonly used nowadays 
[12,13], as it capitalizes on the well-established knowledge of synthesizing nano- and colloi-
dal particles with isotropic surface chemistry. By protecting a portion of the initially uniform 
particle during the modification process, Janus particles can be easily derived. Masks, tem-
plates, geometric constraints, and physical vapor or lithography techniques can be em-
ployed to achieve this [14–18]. An alternative surface modification method involves physical 
deposition using electron beam evaporation or sputter coating [18–24], allowing for the de-
sign of Janus particles with elaborate geometries. Directional coating with electron beam 
evaporation on a monolayer of colloidal particles enables the production of anisotropic par-
ticles coated with metals or other materials in precise half–half geometry [25–28]. By apply-
ing sequential physical deposition and/or new masks, Janus anisotropic particles with more 
than one patch can also be obtained. Coating can also enable the surface modification of 
colloidal particles, especially if particular surface chemistry properties are desired. 

This enables the creation of Janus particles that exhibit anisotropy not only on their 
surfaces but also in their bulk [29]. Depending on the chosen synthesis technique, a diverse 
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2. Janus Particles: General Synthetic Routes and Applications

Since the first successful creation of Janus particles in 1988 [51], numerous innovative
methods have emerged for fabricating and developing these structures. These approaches
cater to both academic research purposes and large-scale industrial applications.

Various powerful tools have been employed to engineer the production of specific
target structures within Janus particles. These tools include chemical methods like selec-
tive crystallization and deposition; physical methods like electrified jetting, microcontact
printing, emulsion drying, selective deposition, surface templating, direct writing, and
lithography; as well as biologically inspired methods utilizing plant extracts, fungi, or
viruses to synthesize metal nanoparticles of different shapes. These novel approaches
to particle synthesis offer a wide range of particle anisotropies with diverse and exotic
structures, leading to unique properties such as electronic and optical characteristics.

The techniques used for synthesizing Janus particles can be broadly classified into
two categories: surface modification (or masking and asymmetric modification) and com-
partmentalization. Surface modification involves selectively altering one part of isotropic
particles to create an anisotropic surface.

The masking and asymmetric modification method is commonly used nowadays [12,13],
as it capitalizes on the well-established knowledge of synthesizing nano- and colloidal
particles with isotropic surface chemistry. By protecting a portion of the initially uniform
particle during the modification process, Janus particles can be easily derived. Masks,
templates, geometric constraints, and physical vapor or lithography techniques can be
employed to achieve this [14–18]. An alternative surface modification method involves
physical deposition using electron beam evaporation or sputter coating [18–24], allowing for
the design of Janus particles with elaborate geometries. Directional coating with electron
beam evaporation on a monolayer of colloidal particles enables the production of anisotropic
particles coated with metals or other materials in precise half–half geometry [25–28]. By
applying sequential physical deposition and/or new masks, Janus anisotropic particles
with more than one patch can also be obtained. Coating can also enable the surface
modification of colloidal particles, especially if particular surface chemistry properties
are desired.
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This enables the creation of Janus particles that exhibit anisotropy not only on their
surfaces but also in their bulk [29]. Depending on the chosen synthesis technique, a diverse
range of distinct compartments can be achieved, thereby expanding the potential functions
and applications of these Janus particles.

Various methods have been tested and developed to synthesize Janus particles with
multiple separated compartments. These methods include microfluidics [30–35], electrody-
namic co-jetting [36–38], chemical synthesis and polymer self-assembly [18,39–44].

Beyond the synthesis aspect, the appeal of the Janus concept extends to two isotropic
particles, depending not only on the particle separation but also on the mutual concentration
and relative orientations. Due to their distinct faces, Janus particles respond differently
to external fields such as electric, magnetic, chemical gradients, or temperature gradients,
leading to the assembly of micelles and membranes crucial for various biological functions.
The versatility of Janus particles enables the fine-tuning of the properties and functions in
self-assembled materials, providing innovative approaches for designing new materials
with controlled and desirable characteristics.

The unique feature of possessing two distinguishable faces in Janus anisotropic par-
ticles opens up numerous fascinating potential applications. These particles can serve
not only as solid surfactants, as initially proposed by de Gennes [5], but also find use in
various other novel applications. Some of these applications include acting as interfacial
stabilizers [45–50], microprobes and biosensors [52–56], drug delivery vehicles [57–61],
components for reconfigurable materials like electronic paper or displays [62–64], nano
engines [65–69], and micromotors [70–73]. Janus particles also play significant roles in
optical imaging [74–77], diagnostic applications [78–80], and catalysis [81–84].

The broad definition of Janus particles encompasses micro- and nanosized particles
with anisotropic properties, possessing two regions of different surface chemical composi-
tions. The interactions among these particles are influenced not just by their separation but
also by their relative orientation [10,85]. As a result, many micro- and nanoscale particles
exhibiting such anisotropic characteristics are categorized as Janus particles.

3. Surface Periodic Patterns: Wrinkling and Buckling

Periodic patterns, both static and dynamic, are widespread in nature (see Figure 2),
appearing in various sizes and shapes, such as plant pollens and peppercorn seeds. From
small wrinkles on soft materials like skin to larger wavelength buckles seen in mud cracks,
sand dunes, waves in water or lava flows, these wrinkled patterns can be observed in
pumpkins, melons, nuts, dehydrated fruits (such as grapes and prunes), and the skin of
large animals like elephants, rhinos, and reptiles.

Biological systems also exhibit numerous self-organized periodic patterns [86,87], such
as the striped patterns in intestines and arteries, the surface patterns of the brain folds,
and the microtopographical surface structures on lotus leaves and petals. Even at the
cellular level, latitudinal undulations have been discovered in human neutrophil cells,
mineralized yeast cells, fish spawns, and venom-infected sperm. Many of these intricate
patterns have evolved through natural selection over millions of years, contributing to
the survival and prosperity of species in their respective environments. These natural
designs offer advantages, such as reducing the turbulent drag and hydrodynamic friction
in sharks and dragonflies, exhibiting special wetting and cleaning properties as seen in the
lotus effect, and minimizing friction and abrasion for animals like the “sandfish” that can
“swim” under the sand. Wrinkles and folds also play a critical role in facilitating nutrient
absorption in intestines.

These examples demonstrate how wrinkled patterns arise in nature through various
physical and biological processes, and how they are invaluable in efforts to improve or
mimic nature, such as aiding cell adhesion at the interfaces of biomaterials and biological
systems. The formation of these patterns is often a result of the interplay between external
forces, material properties, and growth dynamics. The study of such patterns can offer
insights into the underlying processes and provide inspiration for innovative design and
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engineering solutions. Due to the myriad benefits and diverse applications of these periodic
structures, researchers have developed a vast array of fabrication approaches in recent years.
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Figure 2. Examples of the periodic patterns widespread in nature: (a) patterns in the sand dunes of a
desert [88]; (b) waves’ regular pattern [89]; (c) wrinkles in dehydrated fruits [90]; (d) blood cells and
irregularly shaped leukocytes [91]; (e) an elephant’s wrinkly skin, where the wrinkles are actually
a complex web of “microvalleys” formed as the outermost skin layer (“epidermis”) thickens and
bends with age, causing it to crack [92]; (f) wrinkled patterns observed in pumpkins and melons [93];
(g) surface patterns of brain folding [94]; (h) photograph of a lava sheet buckling and deforming
under the compressional stress [95]; and (i) photo of lotus leaves, which exhibit extraordinary water
repellency on their upper side, and scanning electron microscopy (SEM) image of the upper leaf side,
showing the hierarchical surface structure consisting of papillae, wax clusters and wax tubules [96].

4. Controlling Surface Textures of Polyurethane Elastomeric Janus Particles

Harnessing the capability of elastomers to alter their surface through buckling and
wrinkling, a simple, cost-effective, and accessible method has been developed for fabricat-
ing Janus elastomeric particles with varied geometries (including planar films, spherical
particles, and cylindrical fibers) from a single elastomeric material using readily avail-
able chemicals.
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4.1. Wrinkling in Free-Standing Flexible Elastomers

In this subsection, we will examine various surface topographies of elastomeric par-
ticles. The predominant focus in this field has been on polydimethylsiloxane (PDMS)
elastomers [97–99]. However, we will concentrate on polyurethane/urea elastomers due
to our expertise in this area and also to their role as precursor materials for the wrinkled
labyrinthic Janus particles discussed herein. Nevertheless, similar effects can be qualita-
tively achieved with any other network-forming polymers.

In block copolymers that combine rigid and flexible segments, when one or more
of the reactive segments possesses multiple functional groups (functionality, f > 2), it
enables chain cross-linking, leading to the formation of a polymeric network. Earlier
studies involved the preparation of polyurethane/urea elastomeric membranes [100,101]
from precursor solutions comprising a polyurethane prepolymer (PU, f = 3) and hydroxyl-
terminated prepolymer (PBDO, f = 2). These membranes displayed remarkable behavior
during stretching. Unlike typical materials, which turn whitish upon stretching and then
revert to clarity upon relaxation, these films remained relatively clear during stretching
and turned translucent upon release. This intriguing mechanic-optical phenomenon was
reversible and contingent upon the preparation conditions and applied stress. Microscopic
examination revealed distinct surface characteristics, featuring bands and wrinkles oriented
perpendicular to the stretching direction. Moreover, it was discovered that the surface
morphology of free-standing urethane/urea elastomeric films could be systematically
adjusted in a reproducible and reversible manner. Furthermore, six distinct pattern states
were identified for the same elastomeric material, elucidating their relationships and
manipulative potential (see Figure 3).
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Figure 3. (a) Synthesis of bi-soft segment urethane/urea elastomers from poly(propylene oxide)
(PU), with a degree of polymerization (DP) equal to 20 and a functionality f = 3 and polybutadiene
diol (PBDO with DP = 50 and f = 2). (b) Schematic of PBDO double bond opening by UV in the
presence of oxygen, which promotes the cross-linking reaction on the irradiated surface of the spheres.
(c–f) AFM images of a polyurethane/polybutadiene diol (PU/PBDO) film: (c) immediately after UV
irradiation and before any mechanical stress has been applied, the film is smooth; (d) stretching the
film along one direction induces a regular one-dimensional wrinkling; (e) further stretching along
a second direction perpendicular to the first induces a two-dimensional texture resulting from the
superposition of the two one-dimensional waves of wrinkling; and (f) swelling the film in toluene
imprints the texture permanently. (Reproduced with permission from ref. [102] Copyright © 2006
Elsevier; and reproduced with permission from ref. [100] Copyright © 2007, EDP Sciences, Società
Italiana di Fisica and Springer-Verlag).
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The mechanism underlying the formation of wrinkled patterns on elastomeric films
can be elucidated through the model proposed by Bowden in 1998. In this model, the film
is conceptualized as comprising two distinct regions: a rigid skin atop a softer bulk. In the
case of urethane/urea films, the rigid skin results from the enhanced cross-linking of the
polyurethane induced by ultraviolet (UV) irradiation. When the film undergoes stretching,
the skin and substrate deform differentially: the rigid skin experiences more pronounced
plastic deformation than the substrate. Upon stress removal, while the substrate seeks
to return to its original dimensions, the skin remains expanded. Consequently, a net
compressive stress acts on the skin (due to the bulk) and a net tensile stress acts on the bulk
(due to the skin) (see Figure 4).
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Figure 4. Wrinkle formation through buckling instabilities in various bilayer systems. Schematic
for wrinkle formation in a “bilayer system”. E and t are the film elastic modulus and film thickness,
respectively. The subscripts “h” and “s” denote the top (stiff) layer and bottom (soft) layer; λ is the
wrinkle wavelength and A is its amplitude. (Adapted from ref. [103] under the terms of under the
Creative Commons CC BY license (https://creativecommons.org/licenses/by/4.0/).

The skin operates akin to an elastic plate under in-plane compression, inducing
buckling. The wavelength of the wrinkles, denoted as λ, arises from the interaction between
two factors: the bending energy of the thin, rigid skin (preferring shorter wavelengths) and
the bulk elastic energy of the soft core (favoring longer wavelengths). Consequently, the
flat state transitions into a wrinkled state with a wavelength determined by [103]:

λ ~ th (Eh/Es)1/3 (1)

where Eh and Es represent the Young’s moduli of the rigid skin and the flexible core,
respectively, and th denotes the thickness of the rigid skin, presumed to be significantly
smaller than that of the substrate. Consequently, the wavelength of the wrinkle’s scales
changes with the thickness of the rigid layer, which stands as the sole pertinent length scale
in this scenario.

Various surface textures were induced in free-standing flexible polyurethane elastomers
through applied strains or solvent-induced swelling, exhibiting well-defined wavelengths
ranging from the sub-micron to millimeter scales, easily adjustable, and thus deemed relevant
for potential medical applications, particularly in bacterial adhesion studies. Preliminary
findings on Staphylococcus epidermidis adhesion to modified polyurethane/urea elastomeric
samples have already been reported [104], highlighting the utility of these elastomers as
model surfaces in bacterial adhesion research.

4.2. Janus Wrinkled Spheres

Alternative Janus membranes and particles with varying geometries may offer greater
convenience for potential applications. Wrinkled spheres and colloids (comprising PDMS,
silica, or silicone rubbers) have been synthesized through diverse methods, including direct
replication from wrinkled templates [105], directional UV-induced reactions [106], selective
contact thermodynamic reactions [107], stress-driven mechanisms [108], photolithogra-
phy [109], aerodynamic dry control [110], Pickering emulsion [111], selective O2 plasma

https://creativecommons.org/licenses/by/4.0/
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exposure [112], chemical oxidation [113], or via protective masking techniques [114], among
others. Despite the extensive research in this area, the exploitation of wrinkling labyrinth
patterns on elastomeric Janus particles has primarily been limited to spheres derived from
polyurethane/urea systems, as mentioned earlier.

Utilizing the same chemical principles employed for films, a straightforward mi-
crofluidic device (adapted from ref. [115]) can be utilized to fabricate spherical elastomeric
polyurethane/urea particles spanning from tenths of a micron to a few millimeters in diam-
eter. Following production, washing, and isolation, one hemisphere of these spheres can be
selectively modified while preserving the surface of the other hemisphere. This is achieved
by temporarily masking the intended unmodified hemisphere during UV irradiation, typ-
ically accomplished by depositing the precursor particles onto a solid opaque cellulosic
film. Upon swelling and subsequent de-swelling of the entire sphere in an appropriate
solvent, the wrinkled surface characteristic of Janus spheres will emerge exclusively on
the irradiated hemisphere. Hence, akin to elastomeric urethane/urea films, these Janus
spheres may exhibit a wrinkled hemisphere alongside a smooth counterpart (see Figure 5).
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asymmetric elastomeric particles with wrinkling labyrinth patterns on one hemisphere: UV irradi-
ation is followed by swelling the particles in toluene and drying them. (e) Photos of the spheres’
scattering wrinkled and shiny smooth hemispheres after UV irradiation. ((e1) shows the detail of the
asymmetrically wrinkled top surface of a sphere) (Adapted with permission from ref. [116] © 2011,
American Chemical Society.; and Adapted from ref. [117] with permission from the Royal Society
of Chemistry).

During swelling in a suitable solvent, both the inner (softer) core and the outer (stiffer)
skin undergo deformation to the same extent, resulting in a smooth outer surface. Upon
drying (de-swelling), the entire elastomer network contracts due to solvent evaporation
and the loss of unreacted prepolymer blocks (referred to as “sol fraction”). The softer core,
with its lower cross-linking density, returns to its original dimensions, while the densely
cross-linked stiff skin does not. This discrepancy in size generates internal stress, prompting
the buckling instability of the skin and giving rise to an asymmetric Janus elastomeric
sphere with distinct smooth and wrinkled hemispheres.

Considering the model proposed for films [118], in these elastomeric spheres, the
wavelength λ of the buckling linear instability relies on the dimensionless ratio of the
outer skin thickness (th) to the sphere’s radius (R). The relationship between the wrinkle
wavelength λ and the co-latitude θ (where θ = 0◦ corresponds to the point where the
incident UV light was shone perpendicular to the sphere, and θ = 90◦ corresponds to the
boundary between the two half-hemispheres) is illustrated in Figure 6. The thickness of the
stiff skin (depicted in the inset) diminishes from θ = 0◦ to θ = 90◦, distinctly influencing
λ. For cylindrical geometries, a generalized version of Equation (1) was derived through
analytical methods:

λ/R ~ (th/R)3/4 (2)

Applicable for R/h < 50 (beyond this threshold, Equation (1) is essentially restored),
a fitting of our experimental data (pertaining to Janus spheres) yielded an exponent of
0.82 instead [116]. This finding aligns reasonably well with the numerical findings of Cao
et al. [119] for micron-sized particles featuring a sealed silica shell on a silver substrate,
indicating an exponent close to 0.8.
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4.3. Janus Wrinkled Fibers

Employing the same PU/PBDO system used for films and spheres, Trindade et al.
investigated the development of wrinkling instability in long cylindrical elastomeric fibers
with nano/micron-scale radii [120]. These fibers are synthesized through a two-step
chemical process, adapted from the previously described procedure and details: first, the
reaction between PU and PBDO; followed by a second step induced by UV irradiation.

PU/PBDO fibers were fabricated using the electrospinning technique, which enables
the continuous production of fibers collected onto a designated target. The term “electro-
spinning” derives from its reliance on an electric field for fiber production, where fiber
deposition is driven by the electrostatic repulsion of electric charges.

The typical configuration of an electrospinning deposition system includes a syringe
containing the polymer solution intended for fiber production, a diffuser pump regulating
the solution flow rate through the syringe needle, a metallic target where deposited fibers
are collected and maintained at zero electrical potential, and a voltage source to establish a
potential difference between the needle tip and the target. A rotating target positioned at a
distance from the syringe was utilized in our setup. As the viscous elastomeric solution
exits the needle, it is propelled toward the target by the applied voltage, forming long,
slender fibers.

A schematic representation of the fabrication process is depicted in Figure 7. Due to
the geometry of the target, the fibers remained taut throughout the process.

After being collected onto the target and dried, the fibers undergo UV irradiation
on only one side and are swollen in toluene while still attached to the target and under
tension. At this stage, the fibers are smooth on both sides, albeit exhibiting anisotropy: the
irradiated side features a stiff skin, whereas the non-irradiated side possesses a soft skin.
This anisotropic behavior, coupled with solvent evaporation, results in a size disparity
between the skin and the core. Upon removal from the target, the tension is released,
causing the fibers to immediately coil into helices. However, the stiff skin remains smooth,
and the wrinkled surface only becomes apparent after the fiber assumes a well-defined
helical shape [120].

Trindade et al. proposed [120] a simple elastic model, predicting that as the fibers
de-swell, they initially coil while remaining smooth. It is only at a critical curvature value
that the fibers cease coiling and wrinkles emerge on the irradiated surface. As de-swelling
progresses, these wrinkles increase in amplitude while maintaining a distinct wavelength.
Once again, akin to the prediction for spheres, both coiling and wrinkling are governed by
the interaction between bending the skin and dilating the core. The elastic energy of the
coiled, non-wrinkled state is proportional to the square of the skin–core size mismatch (ε2),
whereas the elastic energy of the wrinkled state increases linearly with ε. As the fiber dries,
ε increases, causing the smooth fiber to coil with a radius proportional to ε − 1. Only at a
critical mismatch, εc ~ (ESC/ESS)2/3, does it become energetically favorable to cease coiling
and initiate wrinkling, with a wavelength determined by Equation (1).

The same qualitative behavior can be observed, albeit on a vastly different length scale,
in the tendrils of climbing plants as they age and dry: initially, they coil, then they wrinkle
(see Figure 7).

Recent advancements in colloid research have facilitated the synthesis of Janus parti-
cles through a multitude of techniques, allowing for the production of substantial quantities
of well-defined Janus particles with diverse architectures. Furthermore, certain preparation
methods that have been developed can be scaled up to industrial levels, paving the way for
feasible technological applications of Janus particles. As novel methods for Janus particle
synthesis continue to emerge, potential applications are beginning to surface, particularly
in the realms of highly specific sensors, self-propelled particles, and interface stabilization.
However, the current high production costs associated with Janus particles may impose
limitations on certain technological applications.
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Figure 7. (a) Schematics of fiber production by the electrospinning technique: syringe filled with
elastomer PU/PBDO precursor solution and syringe needle, connected to high-voltage supply;
elastomeric fiber accelerating toward a rotating target (used to obtain aligned and tautly suspended
fibers). (b) SEM image of aligned fibers as electrospun, with a smooth surface (see inset (b.1)).
(c,d) Electrospun PU/PBDO fibers mimicking young and old plant tendrils: a smooth fiber (c) mimics
a young tendril (d); an asymmetrically wrinkled fiber (e) mimics an old tendril (f). ((e.1) shows the
detail of an asymmetrically wrinkled fiber in (e). Notice the wrinkling is on the outside of the helix,
consistent with the assumption that the stiff skin contracts less than the soft core on drying). (Adapted
from ref. [120], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, reproduced with permission).

5. Applications and Future Perspectives

The controlled surface textures of elastomeric Janus particles have emerged as a
fascinating area of research with promising applications across a multitude of disciplines
(see Figure 8). This comprehensive review aims to delve into the myriad applications
enabled by the unique properties of these particles, offering insights into their potential
impact on various fields. The results obtained in relation to PU/PBDO elastomeric Janus
membranes, particles, and fibers discovery open up new avenues in biomimetic materials,
where functionalities can be introduced by incorporating “young” (smooth, small-surface
area) and “old” (wrinkled, large-surface area) regions within the same material; for instance,
a Janus micromanipulator constructed using an array of wrinkled particles to grasp and
transport micro- or nano-sized objects, releasing them precisely by adjusting the pattern.

In the realm of biomedicine, elastomeric Janus particles with controlled surface tex-
tures hold tremendous potential for advancing drug delivery systems. Recent studies have
demonstrated their ability to facilitate controlled and targeted drug release, thus overcom-
ing many of the limitations associated with conventional drug delivery methods [121].



Polymers 2024, 16, 1835 12 of 20

Furthermore, these particles have shown promise in enhancing the biocompatibility of
biomaterials used in implants and prosthetics, paving the way for the development of
next-generation biomedical devices [122].

In materials science, the versatility of elastomeric Janus particles with controlled
surface textures has sparked considerable interest in the development of smart materials.
By exploiting their responsive surface properties, researchers have successfully created self-
cleaning surfaces capable of repelling contaminants and maintaining cleanliness in various
environments [123]. Additionally, these particles have been utilized in the fabrication of
responsive actuators and sensors, enabling the development of intelligent materials capable
of adapting to changes in their surroundings [124].

At the micro/nanoscale, elastomeric Janus particles have found applications in mi-
crofluidics, where their precisely controlled surface textures have been leveraged to manip-
ulate the fluid flow and enhance the performance of microfluidic devices [125]. Moreover,
recent advancements have demonstrated their potential in energy-harvesting technologies,
where changes in the surface textures can be harnessed to generate mechanical energy for
various applications, including powering small-scale electronic devices [126,127].

In the field of coating and adhesion technology, elastomeric Janus particles with
controlled surface textures offer innovative solutions for enhancing surface properties and
controlling adhesion in diverse applications. Recent studies have shown their efficacy
in creating anti-adhesive coatings capable of repelling liquids and preventing fouling on
surfaces [64]. Furthermore, these particles have been employed to develop novel printing
and packaging materials with controlled adhesion properties, enabling precise control over
adhesion in printing and packaging processes [128–130].

Beyond traditional applications, elastomeric Janus particles with controlled surface
textures are also finding utility in catalysis and phase-separation processes. Recent research
has demonstrated their potential as selective catalysts, facilitating specific chemical reac-
tions with high efficiency and selectivity [131]. Additionally, these particles have been
utilized in phase-separation processes to achieve the efficient separation of immiscible
components, thereby enabling the purification and recycling of materials [132].

Future research efforts will likely focus on further refining the control over the surface
textures and expanding the range of functional modifications available. This will involve
developing new synthesis methods and advanced characterization techniques to better
understand and manipulate the surface properties of Janus particles. Interdisciplinary
collaborations will be crucial in these endeavors, bringing together expertise from materials
science, chemistry, biology, and engineering to address complex challenges and explore
new applications.

Advancements in computational modeling and machine learning could also play a
significant role in predicting and optimizing the behavior of Janus particles, accelerating
the development of new applications. By integrating experimental and theoretical ap-
proaches, researchers can more effectively design particles with tailored properties for
specific applications.

In conclusion, the diverse applications of the controlled surface textures of elastomeric
Janus particles underscore their significant potential to drive innovation across various
fields. Continued research in this area holds promise for the development of novel tech-
nologies with broad-ranging societal impact.
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ican Chemical Society). (c) Functional surfaces with effective anti-icing and de-icing capability based 
on hybrid Janus particles (adapted from ref. [126] Copyright © 2016, American Chemical Society). 
(d) Amphiphilic Janus particles are mixed with homogeneous binder particles with strong adhesion 
to create robust hydrophobic coatings through a self-stratification process (Adapted from ref. [134] 
licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence). (e) Fluo-
rescence confocal microscopy images for Bodipy-pectin homo Janus (A) and hetero Janus (B) hy-
drogel microparticles with dluoresceinamine-coupled pectin and alginate, respectively (Adapted 
with permission from ref. [130] @ 2022 John Wiley and Sons). (f) Amphiphilic Janus particles with a 
catalyst selectively loaded on either the hydrophobic or hydrophilic region are promising candi-
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Figure 8. (a) Nanocorals in the Janus structure as multifunctional targeting, sensing, and drug delivery
nanoprobe; inset: scanning electron microscope (SEM) images of Janus-structured nanocoral probes.
Reproduced with permission from ref. [78] (2010), © Wiley, 2010. (b) Transparent Janus hydrogel
wet adhesive for underwater self-cleaning (Adapted from ref. [133] Copyright © 2021 American
Chemical Society). (c) Functional surfaces with effective anti-icing and de-icing capability based
on hybrid Janus particles (adapted from ref. [126] Copyright © 2016, American Chemical Society).
(d) Amphiphilic Janus particles are mixed with homogeneous binder particles with strong adhesion
to create robust hydrophobic coatings through a self-stratification process (Adapted from ref. [134]
licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence). (e) Fluores-
cence confocal microscopy images for Bodipy-pectin homo Janus (A) and hetero Janus (B) hydrogel
microparticles with dluoresceinamine-coupled pectin and alginate, respectively (Adapted with per-
mission from ref. [130] @ 2022 John Wiley and Sons). (f) Amphiphilic Janus particles with a catalyst
selectively loaded on either the hydrophobic or hydrophilic region are promising candidates for
efficient and phase-selective interfacial catalysis (Adapted with permission from ref. [131]. Copyright
2020 American Chemical Society).

6. Challenges and Limitations

The field of elastomeric polyurethane Janus particles has witnessed significant ad-
vancements, yet several challenges and limitations remain that must be addressed to enable
further progress and broader application.

One of the primary limitations is the difficulty in scaling up current synthesis meth-
ods while maintaining the reproducibility. Most synthesis techniques are optimized for
laboratory-scale production and translating these methods to industrial-scale production
poses significant challenges. Issues such as the batch-to-batch variability and the need for
precise control over the reaction conditions make large-scale production difficult. Ensuring
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uniformity and consistency in particle production at an industrial scale is essential for
practical applications, yet achieving this remains a significant hurdle.

Achieving precise control over the surface textures and morphology of Janus particles
is another critical challenge. The complex nature of the synthesis process, which often
involves multiple steps and varying conditions, can lead to inconsistencies in the particle
size, shape, and surface properties. This variability can affect the performance of the
particles in their intended applications. Advanced fabrication techniques and a better
understanding of the underlying mechanisms are needed to improve control over these
parameters. Research into novel synthesis methods that allow for more consistent and
precise control over the particle morphology and surface texture is crucial.

The long-term stability and performance of Janus particles in various applications are
also areas of concern. Factors such as the environmental conditions, chemical stability, and
mechanical durability can significantly affect the functionality of Janus particles over time.
For instance, exposure to varying pH levels, temperatures, and other environmental factors
can degrade the materials, compromising their effectiveness. Research into enhancing the
stability and performance of these particles is essential for their practical application in
real-world scenarios. Developing coatings or modifications that can protect the particles
from environmental degradation could be one approach to addressing this issue.

Understanding the structure–property relationships of Janus particles is crucial for
optimizing their design and functionality. However, accurately characterizing these par-
ticles poses significant challenges due to their complex and often heterogeneous nature.
Advanced characterization techniques and computational models are needed to better un-
derstand how the structure of Janus particles influences their properties and performance.
For instance, how the distribution of different materials on the particle surface affects their
interaction with the environment and their overall behavior. This understanding is vital for
designing particles with specific properties tailored for particular applications.

Moreover, the current challenges in characterizing these particles often stem from
their nanoscale dimensions and the intricate nature of their surface properties. Techniques
such as electron microscopy, atomic force microscopy, and various spectroscopic methods
are required to probe these features in detail. However, these techniques can be time-
consuming and may not always provide a complete picture of the particle’s properties.
Developing more efficient and comprehensive characterization methods will be critical for
advancing the field.

Additionally, addressing the challenges related to the application of Janus particles is
vital. For instance, in biomedical applications, ensuring biocompatibility and minimizing
potential toxicity are crucial. In environmental applications, the impact of these particles on
ecosystems must be thoroughly understood and mitigated. Researchers must also consider
the economic and environmental aspects of large-scale production and application, ensuring
that the benefits of Janus particles are realized without undue negative consequences.

Addressing these challenges is critical for the continued development and application
of elastomeric polyurethane Janus particles. Future research should focus on developing
scalable synthesis methods, enhancing control over particle morphology, improving long-
term stability, and advancing characterization techniques. By overcoming these obstacles,
the full potential of these innovative materials can be realized, paving the way for their
use in a wide range of applications, from biomedical devices to advanced materials and
environmental remediation.

7. Conclusions

This review highlights the significant advancements in the field of Janus particles with
controlled surface textures, particularly those composed of elastomeric polyurethane. The
key contributions of this review include a detailed analysis of the synthesis techniques,
unique properties, and potential applications of these particles.

Recent developments have enabled more precise and scalable methods for creating
Janus particles, allowing for stringent control over their size, shape, and composition.
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Controlled surface textures have been shown to significantly enhance the functionality
of Janus particles in biomedical applications, such as drug delivery systems, providing
controlled and targeted release. These particles have been successfully integrated into
smart materials, microfluidic devices, and energy-harvesting technologies, demonstrating
their versatility and potential for innovation.

Advances in the controlled surface textures of elastomeric polyurethane Janus particles
have significant implications across various fields. In biomedicine, these particles have
the potential to revolutionize drug delivery systems and improve the biocompatibility
of biomaterials used in implants and prosthetics. In materials science, they can lead
to the development of smart materials and responsive sensors capable of adapting to
environmental changes. In microfluidics, their surface textures can be used to manipulate
the fluid flow and enhance the device performance.

Despite the remarkable progress, several challenges need to be addressed to fully
harness the potential of Janus particles. A major challenge is achieving precise control over
the size, shape, and composition of Janus particles, which is essential for tailoring their
properties and functionalities. Developing scalable and reproducible synthesis methods
that allow for precise control of these parameters is crucial. Ensuring the stability and
long-term performance of Janus particles, particularly in dynamic environments or under
external stimuli, is another critical challenge. Addressing issues related to particle aggre-
gation, degradation, and stability over time is essential for ensuring their reliability and
effectiveness in practical applications.

Understanding the complex interactions between Janus particles and their surround-
ing environments remains a key challenge. This includes elucidating the mechanisms
governing particle–particle interactions, as well as interactions with biological systems
or other materials. Enhancing our understanding of these interactions will enable more
accurate predictions of particle behavior and facilitate the design of tailored particles for
specific applications.

Future research on Janus particles is likely to focus on addressing these challenges
while exploring new avenues for innovation. This includes the development of novel
synthesis techniques, such as bottom-up assembly or microfluidic fabrication methods,
to achieve precise control over particle properties. Furthermore, there is growing interest
in integrating Janus particles into multifunctional materials and devices, such as respon-
sive coatings, sensors, and drug delivery systems, which will require interdisciplinary
collaboration and innovative design strategies.

In summary, while significant advancements have been made in the field of Janus
particles, many exciting opportunities for further exploration and development remain. By
addressing the existing challenges and embracing new research directions, Janus particles
hold great promise for revolutionizing a wide range of applications in materials science,
biotechnology, and beyond.

Funding: The author acknowledge the support of FCT-Fundação para a Ciência e a Tecnologia,
I.P., in the scope of the projects LA/P/0037/2020, UIDP/50025/2020 and UIDB/50025/2020 of the
Associate Laboratory Institute of Nanostructures, Nanomodelling and Nanofabrication-i3N. The
author is also grateful for the financial support from Fundação para a Ciência e a Tecnologia (FCT),
Portugal, through project 2022.01619.PTDC and project 2022.04191.PTDC.

Conflicts of Interest: The author declares no conflicts of interest.

References
1. Melville, H.W. Advances in Colloid Science. Nature 1943, 151, 5–6. [CrossRef]
2. Eisenriegler, E. Anisotropic Colloidal Particles in Critical Fluids. J. Chem. Phys. 2004, 121, 3299–3322. [CrossRef] [PubMed]
3. Schmid, G. Clusters and Colloids: From Theory to Applications; John Wiley & Sons: Hoboken, NJ, USA, 2008.
4. Lee, K.W.; Cho, I. Effect of Crystallinity on the Mechanical Properties of High-Density Polyethylene/Polystyrene Blends. J. Appl.

Polym. Sci. 1985, 30, 1903–1926.
5. de Gennes, P.G. Soft Matter. Rev. Mod. Phys. 1992, 64, 645–648. [CrossRef]
6. de Gennes, P.G. Soft Matter. Science 1992, 256, 495–497. [CrossRef] [PubMed]

https://doi.org/10.1038/151005a0
https://doi.org/10.1063/1.1768514
https://www.ncbi.nlm.nih.gov/pubmed/15291642
https://doi.org/10.1103/RevModPhys.64.645
https://doi.org/10.1126/science.256.5056.495
https://www.ncbi.nlm.nih.gov/pubmed/17787946


Polymers 2024, 16, 1835 16 of 20

7. Hektor, H.J.; Scholtmeijer, K. Hydrophobins: Proteins with Potential. Curr. Opin. Biotechnol. 2005, 16, 434–439. [CrossRef]
[PubMed]

8. Hong, L.; Jiang, S.; Granick, S. Simple Method to Produce Janus Colloidal Particles in Large Quantity. Langmuir 2006, 22,
9495–9499. [CrossRef] [PubMed]

9. Hong, L.; Cacciuto, A.; Luijten, E.; Granick, S. Clusters of Charged Janus Spheres. Nano Lett. 2006, 6, 2510–2514. [CrossRef]
[PubMed]

10. Jiang, S.; Chen, Q.; Tripathy, M.; Luijten, E.; Schweizer, K.S.; Granick, S. Janus Particle Synthesis and Assembly. Adv. Mater. 2010,
22, 1060–1071. [CrossRef] [PubMed]

11. Liang, F.; Liu, B.; Cao, Z.; Yang, Z. Janus Colloids toward Interfacial Engineering. Langmuir 2018, 34, 4123–4131. [CrossRef]
12. Li, X.; Chen, L.; Cui, D.; Jiang, W.; Han, L.; Niu, N. Preparation and Application of Janus Nanoparticles: Recent Development and

Prospects. Coord. Chem. Rev. 2022, 454, 214318. [CrossRef]
13. Li, J.; Li, X.; Zhu, H. Symmetry Engineering in Low-Dimensional Materials. Mater. Today 2024, 75, 187–209. [CrossRef]
14. Tong, H.; Wang, J.; Qi, L.; Gao, Q. Starch-Based Janus Particle: Fabrication, Characterization and Interfacial Properties in

Stabilizing Pickering Emulsion. Carbohydr. Polym. 2023, 313, 120867. [CrossRef] [PubMed]
15. Bradley, L.; Lin, X.; Chen, Y.; Asadinamin, M.; Ai, B.; Zhao, Y. Janus Particles with Flower-like Patches Prepared by Shadow

Sphere Lithography. Langmuir 2021, 37, 13637–13644. [CrossRef] [PubMed]
16. Perro, A.; Reculusa, S.; Ravaine, S.; Bourgeat-Lami, E.; Duguet, E. Design and Synthesis of Janus Micro- and Nanoparticles. J.

Mater. Chem. 2005, 15, 3745. [CrossRef]
17. Hu, J.; Zhou, S.; Sun, Y.; Fang, X.; Wu, L. Fabrication, Properties and Applications of Janus Particles. Chem. Soc. Rev. 2012, 41,

4356. [CrossRef] [PubMed]
18. Walther, A.; Müller, A.H.E. Janus Particles: Synthesis, Self-Assembly, Physical Properties, and Applications. Chem. Rev. 2013, 113,

5194–5261. [CrossRef] [PubMed]
19. Zhang, J.; Grzybowski, B.A.; Granick, S. Janus Particle Synthesis, Assembly, and Application. Langmuir 2017, 33, 6964–6977.

[CrossRef] [PubMed]
20. Ye, S.; Carroll, R.L. Design and Fabrication of Bimetallic Colloidal “Janus” Particles. ACS Appl. Mater. Interfaces 2010, 2, 616–620.

[CrossRef] [PubMed]
21. Chauhan, A.; Rastogi, M.; Scheier, P.; Bowen, C.; Kumar, R.V.; Vaish, R. Janus Nanostructures for Heterogeneous Photocatalysis.

Appl. Phys. Rev. 2018, 5, 041111. [CrossRef]
22. Mavukkandy, M.O.; McBride, S.A.; Warsinger, D.M.; Dizge, N.; Hasan, S.W.; Arafat, H.A. Thin Film Deposition Techniques for

Polymeric Membranes—A Review. J. Membr. Sci. 2020, 610, 118258. [CrossRef]
23. Meng, S.; Zhang, Y.; Liu, Y.; Zhang, Z.; Ma, K.; Chen, X.; Gao, Q.; Ma, X.; Wang, W.; Feng, H. The Effect of Particle Size on the

Dynamics of Self-Electrophoretic Janus Micromotors, Sputtering Distribution, and Rectifying Voltage. JCIS Open 2022, 5, 100046.
[CrossRef]

24. Jiang, S.; Schultz, M.J.; Chen, Q.; Moore, J.S.; Granick, S. Solvent-Free Synthesis of Janus Colloidal Particles. Langmuir 2008, 24,
10073–10077. [CrossRef] [PubMed]

25. Braun, F.; Wagner, M.F.P.; Toimil-Molares, M.E.; von Klitzing, R. Comparison of Different Preparation Techniques of Ther-
mophoretic Swimmers and Their Propulsion Velocity. Langmuir 2024, 40, 5606–5616. [CrossRef] [PubMed]

26. Archer, R.J.; Campbell, A.I.; Ebbens, S.J. Glancing Angle Metal Evaporation Synthesis of Catalytic Swimming Janus Colloids with
Well Defined Angular Velocity. Soft Matter 2015, 11, 6872–6880. [CrossRef] [PubMed]

27. Bin Kim, J.; Lee, S.Y.; Min, N.G.; Lee, S.Y.; Kim, S. Plasmonic Janus Microspheres Created from Pickering Emulsion Drops. Adv.
Mater. 2020, 32, e2001384. [CrossRef]

28. Gu, R.; Yu, Z.; Sun, Y.; Xie, P.; Li, Y.; Cheng, S. Enhancing Stability of Interfacial Solar Evaporator in High-Salinity Solutions by
Managing Salt Precipitation with Janus-Based Directional Salt Transfer Structure. Desalination 2022, 524, 115470. [CrossRef]

29. Du, J.; O’Reilly, R.K. Anisotropic Particles with Patchy, Multicompartment and Janus Architectures: Preparation and Application.
Chem. Soc. Rev. 2011, 40, 2402. [CrossRef] [PubMed]

30. Nie, Z.; Li, W.; Seo, M.; Xu, S.; Kumacheva, E. Janus and Ternary Particles Generated by Microfluidic Synthesis: Design, Synthesis,
and Self-Assembly. J. Am. Chem. Soc. 2006, 128, 9408–9412. [CrossRef] [PubMed]

31. Nisisako, T. Recent Advances in Microfluidic Production of Janus Droplets and Particles. Curr. Opin. Colloid Interface Sci. 2016, 25,
1–12. [CrossRef]

32. Luo, G.; Du, L.; Wang, Y.; Lu, Y.; Xu, J. Controllable Preparation of Particles with Microfluidics. Particuology 2011, 9, 545–558.
[CrossRef]

33. Seiffert, S.; Romanowsky, M.B.; Weitz, D.A. Janus Microgels Produced from Functional Precursor Polymers. Langmuir 2010, 26,
14842–14847. [CrossRef] [PubMed]

34. Liao, C.; Wang, X. Photodeformable Azo Polymer Janus Particles Obtained upon Nonsolvent-Induced Phase Separation and
Asynchronous Aggregation. Langmuir 2022, 38, 12466–12479. [CrossRef] [PubMed]

35. Wu, Z.; Zheng, Y.; Lin, L.; Sun, Y.; Xing, G.; Lin, H.; Lin, J.-M. Multicompartmental Hydrogel Microspheres as a Tool for
Multicomponent Analysis. Anal. Chem. 2023, 95, 11047–11051. [CrossRef] [PubMed]

36. Liang, F.; Zhang, C.; Yang, Z. Rational Design and Synthesis of Janus Composites. Adv. Mater. 2014, 26, 6944–6949. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.copbio.2005.05.004
https://www.ncbi.nlm.nih.gov/pubmed/15950452
https://doi.org/10.1021/la062716z
https://www.ncbi.nlm.nih.gov/pubmed/17073470
https://doi.org/10.1021/nl061857i
https://www.ncbi.nlm.nih.gov/pubmed/17090082
https://doi.org/10.1002/adma.200904094
https://www.ncbi.nlm.nih.gov/pubmed/20401930
https://doi.org/10.1021/acs.langmuir.7b02308
https://doi.org/10.1016/j.ccr.2021.214318
https://doi.org/10.1016/j.mattod.2024.03.014
https://doi.org/10.1016/j.carbpol.2023.120867
https://www.ncbi.nlm.nih.gov/pubmed/37182958
https://doi.org/10.1021/acs.langmuir.1c02155
https://www.ncbi.nlm.nih.gov/pubmed/34661420
https://doi.org/10.1039/b505099e
https://doi.org/10.1039/c2cs35032g
https://www.ncbi.nlm.nih.gov/pubmed/22531991
https://doi.org/10.1021/cr300089t
https://www.ncbi.nlm.nih.gov/pubmed/23557169
https://doi.org/10.1021/acs.langmuir.7b01123
https://www.ncbi.nlm.nih.gov/pubmed/28678499
https://doi.org/10.1021/am900839w
https://www.ncbi.nlm.nih.gov/pubmed/20356257
https://doi.org/10.1063/1.5039926
https://doi.org/10.1016/j.memsci.2020.118258
https://doi.org/10.1016/j.jciso.2022.100046
https://doi.org/10.1021/la800895g
https://www.ncbi.nlm.nih.gov/pubmed/18715019
https://doi.org/10.1021/acs.langmuir.3c01776
https://www.ncbi.nlm.nih.gov/pubmed/38501265
https://doi.org/10.1039/C5SM01323B
https://www.ncbi.nlm.nih.gov/pubmed/26234424
https://doi.org/10.1002/adma.202001384
https://doi.org/10.1016/j.desal.2021.115470
https://doi.org/10.1039/c0cs00216j
https://www.ncbi.nlm.nih.gov/pubmed/21384028
https://doi.org/10.1021/ja060882n
https://www.ncbi.nlm.nih.gov/pubmed/16848476
https://doi.org/10.1016/j.cocis.2016.05.003
https://doi.org/10.1016/j.partic.2011.06.004
https://doi.org/10.1021/la101868w
https://www.ncbi.nlm.nih.gov/pubmed/20731338
https://doi.org/10.1021/acs.langmuir.2c01682
https://www.ncbi.nlm.nih.gov/pubmed/36194641
https://doi.org/10.1021/acs.analchem.3c01305
https://www.ncbi.nlm.nih.gov/pubmed/37348075
https://doi.org/10.1002/adma.201305415
https://www.ncbi.nlm.nih.gov/pubmed/24648407


Polymers 2024, 16, 1835 17 of 20

37. Roh, K.-H.; Martin, D.C.; Lahann, J. Biphasic Janus Particles with Nanoscale Anisotropy. Nat. Mater. 2005, 4, 759–763. [CrossRef]
[PubMed]

38. Rahmani, S.; Villa, C.H.; Dishman, A.F.; Grabowski, M.E.; Pan, D.C.; Durmaz, H.; Misra, A.C.; Colón-Meléndez, L.; Solomon,
M.J.; Muzykantov, V.R.; et al. Long-Circulating Janus Nanoparticles Made by Electrohydrodynamic Co-Jetting for Systemic Drug
Delivery Applications. J. Drug Target. 2015, 23, 750–758. [CrossRef] [PubMed]

39. Walther, A.; Muller, A.H.E. Janus Particles. Soft Matter 2008, 4, 663–668. [CrossRef] [PubMed]
40. Il So, J.; Shin, D.H.; Kim, J.B.; Jeong, H.W.; Kim, C.H.; Choi, J.; Shim, S.E.; Qian, Y. One-Pot Synthesis of Bifunctional Polyhedral

Oligomeric Silsesquioxane: Full Spectrum Ratio of Vinyl Groups from 0 to 100%. J. Ind. Eng. Chem. 2022, 113, 502–512. [CrossRef]
41. Akbaşak, T.; Kodal, M.; Mert, O.; Özkoç, G. Novel and Eco-Friendly Hydrophobic Treatment of Cotton and Polyester Fabrics

Based-on Octavinyl and Aminopropylisobutyl Polyhedral Oligomeric Silsesquioxanes (OL-POSS and AM-POSS). Polymer 2023,
268, 125723. [CrossRef]

42. Mrzygłód, A.; García Armada, M.P.; Rzonsowska, M.; Dudziec, B.; Nowicki, M. Metallodendrimers Unveiled: Investigating the
Formation and Features of Double-Decker Silsesquioxane-Based Silylferrocene Dendrimers. Inorg. Chem. 2023, 62, 16932–16942.
[CrossRef] [PubMed]

43. Mrzygłód, A.; Rzonsowska, M.; Dudziec, B. Exploring Polyol-Functionalized Dendrimers with Silsesquioxane Cores. Inorg. Chem.
2023, 62, 21343–21352. [CrossRef] [PubMed]

44. Li, Z.; Li, Z.; Hu, J.; Feng, X.; Zhang, M.; Duan, G.; Zhang, R.; Li, Y. Self-Assembly of Poly(Janus Particle)s into Unimolecular and
Oligomeric Spherical Micelles. ACS Macro Lett. 2021, 10, 1563–1569. [CrossRef] [PubMed]

45. Walther, A.; Hoffmann, M.; Müller, A.H.E. Emulsion Polymerization Using Janus Particles as Stabilizers. Angew. Chem. 2008, 120,
723–726. [CrossRef]

46. Pei, X.; Tan, Y.; Xu, K.; Liu, C.; Lu, C.; Wang, P. Pickering Polymerization of Styrene Stabilized by Starch-Based Nanospheres.
Polym. Chem. 2016, 7, 3325–3333. [CrossRef]

47. Tang, J.; Quinlan, P.J.; Tam, K.C. Stimuli-Responsive Pickering Emulsions: Recent Advances and Potential Applications. Soft
Matter 2015, 11, 3512–3529. [CrossRef] [PubMed]

48. Plucinski, A.; Lyu, Z.; Schmidt, B.V.K.J. Polysaccharide Nanoparticles: From Fabrication to Applications. J. Mater. Chem. B 2021, 9,
7030–7062. [CrossRef] [PubMed]

49. Low, L.E.; Siva, S.P.; Ho, Y.K.; Chan, E.S.; Tey, B.T. Recent Advances of Characterization Techniques for the Formation, Physical
Properties and Stability of Pickering Emulsion. Adv. Colloid Interface Sci. 2020, 277, 102117. [CrossRef] [PubMed]

50. Ni, L.; Yu, C.; Wei, Q.; Liu, D.; Qiu, J. Pickering Emulsion Catalysis: Interfacial Chemistry, Catalyst Design, Challenges, and
Perspectives. Angew. Chem. 2022, 134, e202115885. [CrossRef]

51. Casagrande, C.; Fabre, P.; Raphael, E.; Veyssié, M. “Janus Beads”: Realization and Behaviour at Water/Oil Interfaces. Europhys.
Lett. 1989, 9, 251–255. [CrossRef]

52. Gao, Y.; Yu, Y. How Half-Coated Janus Particles Enter Cells. J. Am. Chem. Soc. 2013, 135, 19091–19094. [CrossRef] [PubMed]
53. Khan, F.; Tanaka, M. Designing Smart Biomaterials for Tissue Engineering. Int. J. Mol. Sci. 2017, 19, 17. [CrossRef] [PubMed]
54. Wang, Y.; Zhao, P.; Zhang, S.; Zhu, K.; Shangguan, X.; Liu, L.; Zhang, S. Application of Janus Particles in Point-of-Care Testing.

Biosensors 2022, 12, 689. [CrossRef]
55. Karadkar, S.; Tiwari, A.; Chaskar, A.C. Recent Advancements in Janus Nanoparticle-Based Biosensing Platforms. Int. Nano Lett.

2023, 13, 93–115. [CrossRef] [PubMed]
56. Jurado-Sánchez, B.; Campuzano, S.; Pingarrón, J.M.; Escarpa, A. Janus Particles and Motors: Unrivaled Devices for Mastering

(Bio)Sensing. Microchim. Acta 2021, 188, 416. [CrossRef]
57. Tan, K.X.; Danquah, M.K.; Jeevanandam, J.; Barhoum, A. Development of Janus Particles as Potential Drug Delivery Systems for

Diabetes Treatment and Antimicrobial Applications. Pharmaceutics 2023, 15, 423. [CrossRef] [PubMed]
58. Khoee, S.; Nouri, A. Preparation of Janus Nanoparticles and Its Application in Drug Delivery. In Design and Development of New

Nanocarriers; Elsevier: Amsterdam, The Netherlands, 2018; pp. 145–180.
59. Liu, Z.; McClements, D.J.; Shi, A.; Zhi, L.; Tian, Y.; Jiao, B.; Liu, H.; Wang, Q. Janus Particles: A Review of Their Applications in

Food and Medicine. Crit. Rev. Food Sci. Nutr. 2023, 63, 10093–10104. [CrossRef]
60. Chen, Z.; Xia, T.; Zhang, Z.; Xie, S.; Wang, T.; Li, X. Enzyme-Powered Janus Nanomotors Launched from Intratumoral Depots to

Address Drug Delivery Barriers. Chem. Eng. J. 2019, 375, 122109. [CrossRef]
61. Khoee, S.; Soleymani, M. Janus Arrangement of Smart Polymer on Magnetite Nanoparticles through Solvent Evaporation from

Emulsion Droplets. Appl. Surf. Sci. 2019, 494, 805–816. [CrossRef]
62. Komazaki, Y.; Hirama, H.; Torii, T. Electrically and Magnetically Dual-Driven Janus Particles for Handwriting-Enabled Electronic

Paper. J. Appl. Phys. 2015, 117, 154506. [CrossRef]
63. Panda, S.K.; Debata, S.; Singh, D.P. Characterizing the Janus Colloidal Particles in AC Electric Field and a Step towards Label-Free

Cargo Manipulation. Chem. Phys. Impact 2024, 8, 100588. [CrossRef]
64. Marschelke, C.; Fery, A.; Synytska, A. Janus Particles: From Concepts to Environmentally Friendly Materials and Sustainable

Applications. Colloid Polym. Sci. 2020, 298, 841–865. [CrossRef]
65. Ma, X.; Jannasch, A.; Albrecht, U.-R.; Hahn, K.; Miguel-López, A.; Schäffer, E.; Sánchez, S. Enzyme-Powered Hollow Mesoporous

Janus Nanomotors. Nano Lett. 2015, 15, 7043–7050. [CrossRef] [PubMed]

https://doi.org/10.1038/nmat1486
https://www.ncbi.nlm.nih.gov/pubmed/16184172
https://doi.org/10.3109/1061186X.2015.1076428
https://www.ncbi.nlm.nih.gov/pubmed/26453170
https://doi.org/10.1039/b718131k
https://www.ncbi.nlm.nih.gov/pubmed/32907169
https://doi.org/10.1016/j.jiec.2022.06.025
https://doi.org/10.1016/j.polymer.2023.125723
https://doi.org/10.1021/acs.inorgchem.3c02628
https://www.ncbi.nlm.nih.gov/pubmed/37774086
https://doi.org/10.1021/acs.inorgchem.3c03427
https://www.ncbi.nlm.nih.gov/pubmed/38055955
https://doi.org/10.1021/acsmacrolett.1c00620
https://www.ncbi.nlm.nih.gov/pubmed/35549135
https://doi.org/10.1002/ange.200703224
https://doi.org/10.1039/C6PY00341A
https://doi.org/10.1039/C5SM00247H
https://www.ncbi.nlm.nih.gov/pubmed/25864383
https://doi.org/10.1039/D1TB00628B
https://www.ncbi.nlm.nih.gov/pubmed/33928990
https://doi.org/10.1016/j.cis.2020.102117
https://www.ncbi.nlm.nih.gov/pubmed/32035999
https://doi.org/10.1002/ange.202115885
https://doi.org/10.1209/0295-5075/9/3/011
https://doi.org/10.1021/ja410687z
https://www.ncbi.nlm.nih.gov/pubmed/24308498
https://doi.org/10.3390/ijms19010017
https://www.ncbi.nlm.nih.gov/pubmed/29267207
https://doi.org/10.3390/bios12090689
https://doi.org/10.1007/s40089-022-00385-x
https://www.ncbi.nlm.nih.gov/pubmed/36438713
https://doi.org/10.1007/s00604-021-05053-z
https://doi.org/10.3390/pharmaceutics15020423
https://www.ncbi.nlm.nih.gov/pubmed/36839746
https://doi.org/10.1080/10408398.2022.2067831
https://doi.org/10.1016/j.cej.2019.122109
https://doi.org/10.1016/j.apsusc.2019.07.215
https://doi.org/10.1063/1.4917379
https://doi.org/10.1016/j.chphi.2024.100588
https://doi.org/10.1007/s00396-020-04601-y
https://doi.org/10.1021/acs.nanolett.5b03100
https://www.ncbi.nlm.nih.gov/pubmed/26437378


Polymers 2024, 16, 1835 18 of 20

66. Schattling, P.S.; Ramos-Docampo, M.A.; Salgueiriño, V.; Städler, B. Double-Fueled Janus Swimmers with Magnetotactic Behavior.
ACS Nano 2017, 11, 3973–3983. [CrossRef] [PubMed]

67. Wang, W. Open Questions of Chemically Powered Nano- and Micromotors. J. Am. Chem. Soc. 2023, 145, 27185–27197. [CrossRef]
[PubMed]

68. Guix, M.; Weiz, S.M.; Schmidt, O.G.; Medina-Sánchez, M. Self-Propelled Micro/Nanoparticle Motors. Part. Part. Syst. Charact.
2018, 35, 1700382. [CrossRef]

69. Zhang, Z.; Yan, H.; Cao, W.; Xie, S.; Ran, P.; Wei, K.; Li, X. Ultrasound-Chargeable Persistent Luminescence Nanoparticles
to Generate Self-Propelled Motion and Photothermal/NO Therapy for Synergistic Tumor Treatment. ACS Nano 2023, 17,
16089–16106. [CrossRef] [PubMed]

70. Zhang, J.; Yan, J.; Granick, S. Directed Self-Assembly Pathways of Active Colloidal Clusters. Angew. Chem. Int. Ed. 2016, 55,
5166–5169. [CrossRef] [PubMed]

71. Yan, J.; Han, M.; Zhang, J.; Xu, C.; Luijten, E.; Granick, S. Reconfiguring Active Particles by Electrostatic Imbalance. Nat. Mater.
2016, 15, 1095–1099. [CrossRef] [PubMed]
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