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| Evolution of Janus Particle Synthesis Techniques

First Fabrication
Janus particles
were first fabricated
by selectively
modifying
microspheres in 2D films.

Block Copolymer
Self-Assembly
Janus particles were
synthesized through
the self-assembly of
triblock copolymers.

Monodisperse Janus particles
were fabricated via photoinitiated

microfluidic channels.

Interface - Induced Phase
Separation
Janus structures
were constructed
through self-organization driven
by interfacial confinement.

Microfluidic
Method

polymerization in

Concept Proposed

Pierre-Gilles de
Gennes introduced
the concept of
Janus particles in
his Nobel Prize lecture.

Seeded Emulsion

Polymerization

Dumbbell-shaped
Janus particles were
prepared using seeded emulsion
polymerization.

Pickering Emulsion
Interface Protection
The 2D interface
protection strategy
was extended to 3D
interfaces.

Fig. 1 Development history of Janus particle synthesis methods.
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Fig. 2 (A) Schematic synthesis of anisotropic Janus particle (a), micrographs of Janus emulsion droplets (b) and SEM images
of the resultant particles (c). (Reproduced with permission from Ref.[40]; Copyright (2017) American Chemical Society). (B)
Oval-shaped polystyrene@SiO, particles are formed from relatively small emulsion droplets that cannot be deformed
significantly by magnetic stirring (a). Relatively big emulsion droplets that are largely elongated by magnetic stirring are
fragmentized into anisotropic particles, and the recovery of the liquid core to a spherical shape induces the breakage of the
already formed silica shell (b). Multiple emulsions are prepared using a rotor-stator homogenizer operated at 9000 and
4000 r/min, respectively (c, d). The left shows fluorescence micrograph (scale bars=10 pm) of the emulsion and the right
displays the FESEM image of the particles (scale bars=200 nm). (Reproduced with permission from Ref.[42]; Copyright
(2018) Springer Nature). (C) Synthetic mechanism (a) and TEM image (b) of Janus C-PA/SiO, CLPs. (Reproduced with
permission from Ref.[43]; Copyright (2022) Wiley).
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Fig. 3 (A) Scheme for synthesis of anisotropic nonspherical dumbbell particles by using the seeded polymerization technique.
Bright-field microscope (BFM) images exemplify the synthesis of PS/PBMA dumbbell particles. (Reproduced with
permission from Ref.[21]; Copyright (2006) American Chemical Society). (B) One-pot synthesis of the clickable core-shell,
dimple- or bulge-patched particles by thiol-ene click reaction concurrent with the polymerization of St in a dispersion system
(a), SEM and TEM images (the upper right inserts) of particles produced when various amounts of TMPMP/TTT were added
after different time, scale bars are 500 nm (b). (Reproduced with permission from Ref.[45]; Copyright (2017) The Royal
Society of Chemistry). (C) Illustrative synthesis of the triblock Janus particle by seeded emulsion polymerization (a), SEM
and inset TEM images of (b) the Janus particle by seeded emulsion polymerization against the as-synthesized PS/PDVB-silica
Janus particle, (c) the triblock Janus particle against the 4-chloromethylphenyl modified PS/PDVB-silica Janus particle.
(Reproduced with permission from Ref.[48]; Copyright (2019) American Chemical Society). (D) Schematic of preparing
process of PVDE/PS Janus particles (a), SEM micrograph of PVDF seed particles and PVDF/PS composite particles (b, c).
(Reproduced with permission from Ref.[49]; Copyright (2015) American Chemical Society). (E) Schematic synthesis of Janus
colloids by wet etching the anisotropic composite colloids formed by polymerization induced dewetting (a), before (b) and
after (c) etching the anisotropic composite colloids. (Reproduced with permission from Ref.[50]; (2010) The Royal Society of
Chemistry). (F) Schematic of preparing process of PTFE@silica JNs (a), SEM and TEM images of PTFE@silica JNs (b).
(Reproduced with permission from Ref.[51]; Copyright (2024) Springer Nature).
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Fig. 4 (A) Schematic synthesis of anisotropic Janus particle by emulsion swelling the core-shell structure (a), and some
representative anisotropic composite particles by emulsion swelling at varied toluene/particle weight ratio (b). (Reproduced
with permission from Ref.[52]; Copyright (2012) American Chemical Society). (B) Synthesis of colloidal particles with
tunable shapes (a), TEM and SEM images of theta-shaped and discoid silica colloids obtained from liquid droplets at various
methanol/water ratios (b). (Reproduced with permission from Ref.[54]; Copyright (2018) Wiley). (C) Schematic showing the
formation of a T-shaped Janus particle by swelling a PS@SiO, spheroid with a toluene/water emulsion to punch a hole in the
Si0, shell at the equatorial position (a), TEM image of PS@SiO, spheroids with a shell thickness of 20 nm prepared using the
Stober method (b), and TEM image of T-shaped Janus particles fabricated by swelling the PS@SiO, spheroids with a toluene/
water emulsion (1% by volume) for 6 h (c). (Reproduced with permission from Ref.[55]; Copyright (2022) Wiley).
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Fig. 5 (A) Schematic procedure to create Janus particles by functionalizing particles adsorbed onto an emulsion of water and

oil and then cooling the sample so that the oil crystallizes to form a wax. (Reproduced with permission from Ref.[24];

Copyright (2006) American Chemical Society). (B) Schematic synthesis of Janus colloids by biphasic grafting at a Pickering

emulsion interface (a), optical microscope image of the W/O Pickering emulsion stabilized by CMPTS-modified SiO, colloids

(b) (inset: the emulsion appearance), SEM image of one emulsion drop after drying (c), TEM images of Janus colloids with
adsorbed Au NPs. (Reproduced with permission from Ref.[65]; Copyright (2008) Wiley). (C) Schematic synthesis of the Janus
polymeric cages with uniform transverse holes across the shell (a), SEM image of polymeric cages after removal of the silica

particles and wax (inset magnified surface structure) (b). (Reproduced with permission from Ref.[67]; Copyright (2012)

Elsevier).
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Fig. 6 (A) Illustrative fabrication of the Janus hollow spheres by emulsion interfacial self-assembled sol-gel process (a), SEM
image of the Janus hollow sphere (b). (Reproduced with permission from Ref.[25]; Copyright (2011) The Royal Society of
Chemistry). (B) Schematic synthesis of a Janus cage with bilayered polymer-inorganic composites (a), SEM (b) and cross-
section TEM images (c) of the Janus composite cage. (Reproduced with permission from Ref.[69]; Copyright (2013)
American Chemical Society). (C) Schematic synthesis of the Janus colloidosomes and Janus particles with increasing Tween-
80 content (a), SEM images of the representative colloidosome (b). (Reproduced with permission from Ref.[70]; Copyright
(2015) Springer Nature); (D) Schematic synthesis of the conelike Janus particles at the patchy emulsion interface (a), SEM
images of the paraffin spheres with the conelike PS particles grown at the surface (b, c). (Reproduced with permission from
Ref.[72]; Copyright (2015) American Chemical Society).
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Fig. 7 (A) Schematic illustration of tadpole-like nanotubes and tadpole-like Janus nanotubes (a), TEM images of the tadpole-
like nanotubes (b), the average tail length and tail diameter of the tadpole-like nanotubes with different reaction times (c),
(Reproduced with permission from Ref.[76]; Copyright (2021) The Royal Society of Chemistry). (B) Schematic illustration of
the preparation of Janus particles with tunable anisotropic hollow structures (a), EDS elemental mapping images of flask-like
Janus particles (b), variation pattern of the neck length of flask-like Janus particles with Vyprgs/Vpree Volume ratios (c).
(Reproduced with permission from Ref.[77]; Copyright (2022) American Chemical Society). (C) Schematic illustration of the
asymmetric growth mechanism for anisotropic multitentacle Janus particles with different morphologies (a), cryo-TEM and
EDS image of the emulsion droplets anchored on the surface of SiO, nanoparticle seed (b), SEM images of multitentacle
Janus particles synthesized with 450 pL of dispersion phases (c). (Reproduced with permission from Ref.[78]; Copyright
(2024) Wiley).
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Research Advances in Janus Particles Prepared by Emulsion Polymerization

Ying-chun Long, Fu-xin Liang”
(Institute of Polymer Science & Engineering, Department of Chemical Engineering,
Tsinghua University, Beijing 100084)

Abstract Janus particles are commonly defined as colloidal structures with two distinct surface regions that
differ in physical or chemical properties. They have been widely recognized for their multifunctionality in areas
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such as emulsion stabilization, targeted drug delivery, catalysis, and sensing. Due to their anisotropic nature,
enhanced interfacial behavior and spatially selective interactions can be achieved. However, the precise control of
their microstructures and the development of scalable fabrication techniques remain key challenges. To address
these limitations, emulsion polymerization has been extensively employed as a versatile and controllable method.
Its mild reaction conditions, compatibility with various monomers, and tunable polymerization pathways have
enabled the successful preparation of a wide range of Janus particles. Four principal emulsion polymerization
strategies have been developed and systematically studied: traditional emulsion polymerization, seeded emulsion
polymerization, Pickering emulsion polymerization, and interfacial emulsion polymerization. In traditional
approaches, Janus emulsions are typically formed in a one-step process, but fine control over morphology is often
limited. In seeded emulsion polymerization, asymmetry is introduced by directional polymer growth on
preformed seed particles, allowing greater precision in particle structure. In Pickering emulsion polymerization,
emulsion droplets are stabilized by solid particles, and polymerization is selectively initiated at specific regions
through masking effects or selective monomer affinity at interfaces, enabling precise control of particle
morphology and composition. In interfacial emulsion polymerization, polymer growth is triggered at phase
boundaries, permitting the fabrication of compartmentalized and well-defined Janus architectures. Although
significant advancements have been achieved through these methods, difficulties in reproducibility, yield, and
large-scale production continue to hinder their broader application. To overcome these issues, further
improvements in interfacial stability, emulsion design, and polymerization kinetics are required. Overall,
emulsion polymerization has been demonstrated as an effective technique for the fabrication of Janus particles,
and continued progress in this field is expected to facilitate their transition from laboratory-scale synthesis in
advanced materials research to industrial-scale production.
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