Particuology 64 (2022) 153-163

Contents lists available at ScienceDirect

= e
a3
Particuology
PARTICUOLOGY
journal homepage: www.elsevier.com/locate/partic =

Review
Pickering emulsions stabilized by colloidal surfactants: Role of solid R)

b Check for
particles S
Zhu Sun®"1, Xiaoxiao Yan®" ', Yao Xiao®", Lingjie Hu*", Max Eggersdorfer®,
Dong Chen®"*, Zhenzhong Yang¢, David A. Weitz®
a College of Energy Engineering and State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China
b Department of Medical Oncology, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou 310003, China
¢ John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA
d Department of Chemical Engineering, Tsinghua University, Beijing 100084, China
ARTICLE INFO ABSTRACT
Artidf-’ history: Pickering emulsions are emulsions stabilized by colloidal surfactants, i.e. solid particles. Compared with
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as high resistance to coalescence, long-term stability, good biocompatibility and tunable properties. In
recent years, Pickering emulsions are widely applied in scientific researches and industrial applications.
In this review, we focus on the influences of particle properties on Pickering emulsions, including particle
amphiphilicity, concentration, size and shape, and summarize the strategies developed for the prepara-

gﬁ{:ﬁ:{gss tion of amphiphilic Janus particles. The applications of Pickering emulsions in food industry, cosmetic
Pickering emulsion industry, material science, drug delivery, biomedical research and vaccine adjuvant will also be covered.
Particle Pickering emulsions are a unique system for multi-disciplinary studies and will become more and more
Colloidal surfactant important in the future.

Amphiphilicity © 2021 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of

Sciences. Published by Elsevier B.V. All rights reserved.
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Introduction Janus particles, including selective surface modification, emulsion

Emulsions are systems of one phase dispersed in another immis-
cible phase in the form of droplets, such as water-in-oil emulsions
or oil-in-water emulsions. Emulsions are generally prepared under
external energy input, e.g. by means of sonication or homogeniza-
tion (Prince, 2012). Emulsions are thermodynamically unstable,
since smaller emulsion droplets have larger total interfacial area
and thus larger total interfacial energy. Once external shearing
stops, emulsion droplets tend to coalesce and revert to originally
phase separated state to minimize the total interfacial area and thus
the total interfacial energy (Adams et al., 2007).

To improve the emulsion stability, molecular surfactants are
added in the continuous phase. Molecular surfactants are gener-
ally amphiphilic molecules consisted of both hydrophilic group and
hydrophobic group. These amphiphilic molecules tend to adsorb
at the water/oil interface with the hydrophilic group submerged
in water and the hydrophobic group in oil, which could effec-
tively reduce the interfacial tension (Ren et al., 2019; Rosen &
Kunjappu, 2012). However, the anchoring of molecular surfactants
at the interface is in a thermal equilibrium state of adsorption
and desorption, since molecular surfactants could desorb from the
interface driven by thermal motion; emulsions will slowly coalesce
(Borwankar & Wasan, 1988). In addition, due to Ostwald ripen-
ing, small droplets with high internal pressure will become smaller
while large droplets with small internal pressure will become larger
(Voorhees, 1985). Under the influences of droplet coalescence and
Ostwald ripening, the average droplet size of emulsions will slowly
increase over time to lower its total interfacial energy, eventually
leading to phase separation (Chesters, 1991; Evans & Needham,
1987), at which the total interfacial area of the system is smallest
and the total interfacial energy is lowest.

Alternatively, solid particles, also called colloidal surfactants, are
able to stabilize emulsions of two immiscible phases for a long
period of time (Ramsden, 1903). The stable emulsions stabilized
by colloidal surfactants are called Pickering emulsions (Pickering,
1907). Compared to traditional molecular surfactant-stabilized
emulsions, Pickering emulsions stabilized by colloidal surfactants
have many unique properties: (i) The desorption energy of colloidal
surfactants from the water/oil interface is several orders of magni-
tude higher than the thermal energy, which results in irreversible
adsorption of colloidal surfactants at the interface, contributing to
excellent emulsion stability (Aveyard, Binks, & Clint, 2003; Binks,
2002; Pieranski, 1980); (ii) Colloidal surfactants could be made
of biocompatible materials, showing good biocompatibility (Yang,
Fu, Wei, Liang, & Binks, 2015); (iii) Colloidal surfactants could be
designed to implement Pickering emulsions with diverse func-
tions, such as pH, temperature or light-triggered responses (Tang,
Quinlan, & Tam, 2015; Wei, Yu, Rui, & Wang, 2012; Hao et al., 2018).
Pickering emulsions could provide a unique platform for multi-
disciplinary studies and will play a more and more important role
in scientific researches and industrial applications.

Here we provide a comprehensive review on Pickering emulsion
systems. Three main aspects are covered: (i) Influences of particle
properties, including particle amphiphilicity, concentration, size
and shape, on Pickering emulsions; (ii) Preparation of amphiphilic

templates by microfluidics, self-assembly of block copolymer and
phase separation; (iii) Applications of Pickering emulsions in food
industry, cosmetic industry, material science, drug delivery and
biomedical research.

Influences of particle properties on Pickering emulsions

There are many factors, which could influence the properties of
Pickering emulsions, including amphiphilicity, concentration, size
and shape of particles.

The surface wettability of particles generally reflects the
hydrophilicity or hydrophobicity of particles and is characterized
by the three-phase contact angle 8 (Wang, Wang, & Lu, 2019). The
contact angle 6 could be determined by the Young’s equation, cosf
=(Yso0 — Vsw)/Yow, Where s is the solid/oil interfacial tension, ysw
is the solid/water interfacial tension and yow is the oil/water inter-
facial tension. Hydrophilic particles with contact angle 6 < 90° will
mostly reside in the water phase, while hydrophobic particles with
contact angle 6 > 90° will mostly reside in the oil phase, as shown
in Fig. 1(a) (Binks, 2002). Correspondingly, hydrophilic particles
favor the interfacial curvature of oil-in-water emulsions, while
hydrophobic particles prefer the interfacial curvature of water-in-
oil emulsions.

The desorption energy of spherical particles from the interface
strongly depends on the surface wettability. According to the for-
mulation (Binks & Lumsdon, 2000a), E = mR2yow(1 + cosf)?, where
E is the energy required to remove the particle from the interface, R
is the radius of the spherical particle, yo is the interfacial tension
and 6 is the contact angle, the anchoring strength maximizes at con-
tact angle 6 = 90° under constant R and yow, as shown in Fig. 1(b).
The anchoring strength falls rapidly as contact angle 8 moves away
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Fig. 1. Anchoring strength of spherical particles at the oil/water interface. (a) Con-
figuration of spherical particles at the interface with contact angle 6 <90°,6 = 90° and
6 > 90° and the corresponding preferred interfacial curvature. The contact angle is
defined as the angle between the tangent line of oil/water interface and the tangent
line of water/solid interface made at the intersection point of oil, water and solid
(Binks, 2002). (b) Energy required to detach a spherical particle from the interface.
The anchoring strength is maximized for particles with a contact angle of 90° (Binks
& Lumsdon, 2000a). (c) Configuration of a spherical Janus particle at the oil/water
interface. The relative areas of polar and apolar surfaces are parametrized by the
angle «. The immersion depth of particles at the oil/water interface is parametrized
by the angle B (Binks & Fletcher, 2001).
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Fig. 2. Influences of particle amphiphilicity on Pickering Emulsions. (a) Toluene-
in-water emulsions transition to water-in-toluene emulsions as the hydrophobicity
and thus the contact angel of silica nanoparticles increase (Yan et al., 2001). (b)
Dependence of emulsion type and droplet diameter on the hydrophobicity of multi-
walled carbon nanotubes (MWNTs). The water-to-oil ratio is kept constant at 1
and the concentration of MWNTs in water is kept constant at 0.07 wt% (Briggs
etal., 2018).(c) Oil-in-water emulsions previously stabilized by polyethylene glycol
silane-modified silica nanoparticles could be destabilized by adding hydropho-
bic fumed silica nanoparticles, which favor water-in-oil emulsions (Criffith &
Daigle, 2019). (d) When the hydrophilic bulb is larger than the hydrophobic bulb,
amphiphilic dimer particles prefer to stabilize oil-in-water emulsions and vice versa.
The water-to-oil ratio is kept constant at 1. The oil phase is dyed by Sudan II. The
water phase is stained with Evans blue (Sun, Yang, Wang et al., 2020).

from 6 = 90° and the desorption energy is only 10 KT or less, when
contact angle 6 is below 20° or above 160°.

To maximize the anchoring strength of particles at the inter-
face, contact angle 6 = 90° is preferred. Amphiphilic particles with
one hydrophilic hemisphere and the other hydrophobic hemi-
sphere, also called Janus particles, tend to have their hydrophilic
hemispheres submerged in water and hydrophobic hemispheres
submerged in oil, resulting in contact angle 8 = 90°. Amphiphilic
Janus particles could perform as emulsion stabilizers and greatly
improve the interfacial stability. Generally, the relative surface
areas of polar (hydrophilic) to apolar (hydrophobic) regions are
characterized by the angle @ and the immersion depth of the parti-
cle into the water phase is characterized by the angle 8, as shown
in Fig. 1(c) (Binks & Fletcher, 2001).

Amphiphilicity of particles

The hydrophilicity or hydrophobicity of particles could influ-
ence the anchoring strength of particles at the interface, the
stability of particle-stabilized emulsions and the emulsion type,
as shown in Fig. 2(a) (Yan, Gray, & Masliyah, 2001). When the
particles are hydrophilic, they tend to disperse in the water
phase and stabilize oil-in-water emulsions. When the particles
are hydrophobic, they tend to disperse in the oil phase and sta-
bilize water-in-oil emulsions. Only particles with intermediate
hydrophobicity show the best performances in producing stable
water-in-oil emulsions. Rod-like multi-walled carbon nanotubes
(MWNTs) with varying hydrophobicity show similar behaviors. As
the hydrophobicity of MWNTs gradually decreases, the emulsion
type changes from water-in-oil emulsion to oil-in-water emulsion,
while the droplet size decreases first and then increases, as shown
in Fig. 2(b) (Briggs et al., 2018). Since MWNTs with a moderate
hydrophobicity have a stronger adsorption at the oil/water inter-
face, they are able to prevent droplets from coalescing, leading to
smaller droplets. Interestingly, oil-in-water emulsions previously
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stabilized by hydrophilic fumed silica nanoparticles could be desta-
bilized by the addition of hydrophobic fumed silica nanoparticles,
as shown in Fig. 2(c) (Griffith & Daigle, 2019); the results suggest
that the change of the average hydrophobicity of mixed particles
with different hydrophobicity could also cause the emulsion type
to reverse (Binks & Lumsdon, 2000b). By adjusting the ratio of
hydrophilic to hydrophobic bulbs of amphiphilic dimer particles,
the average hydrophobicity of dimer particles could be tuned and
oil-in-water or water-in-oil emulsions could be obtained depend-
ing on the average hydrophobicity, as shown in Fig. 2(d) (Sun, Yang,
Wang et al., 2020). When the hydrophilic bulb is larger than the
hydrophobic bulb, amphiphilic dimer particles prefer to stabilize
oil-in-water emulsions. When the hydrophilic bulb is smaller than
the hydrophobic bulb, amphiphilic dimer particles better fit at the
interface of water-in-oil emulsions.

Concentration of particles

Concentration of particles in the continuous phase is an
important factor, which could influence the stability of Pickering
emulsions. For molecular surfactants, to achieve a good perfor-
mance in stabilizing emulsions, the concentration of molecular
surfactants in the continuous phase needs to be above critical
micelle concentration (CMC), above which molecular surfactants
aggregate to form micelles. Above CMC, adsorption of molecular
surfactants on the droplet surface will reach a maximum value and
the interfacial tension of droplets will drop to a minimum value,
even though molecular surfactants are in thermal equilibrium of
adsorption and desorption.

Solid particles served as colloidal surfactants are different from
molecular surfactants. Because of the irreversible adsorption of
solid particles on the droplet surface, solid particles in the con-
tinuous phase will first cover the droplet surface. When further
increasing the particle concentration, excess particles will form
a network structure around each droplet, thus further improving
the emulsion stability and leading to an increase in the viscosity
of the emulsion system. For example, toluene-in-water emulsions
stabilized by different concentrations of silanized fumed silica
nanoparticles are demonstrated and modeled in Fig. 3(a) (Juarez &
Whitby, 2012). At low particle concentration, emulsions are unsta-
ble as droplets are partially covered by silica nanoparticles and
there are barely excess nanoparticles in the continuous phase. As
the concentration of nanoparticles increases, aggregates of excess
nanoparticles in the continuous phase change from compact flocs
to loose networks, keeping droplets well separated from each
other.

The influences of particle concentration on Pickering emul-
sions mainly include three aspects: particle density on the droplet
surface, droplet size and viscosity of the emulsion system. Gener-
ally, particle density on the droplet surface will increase until the
droplets are fully covered by particles as the particle concentra-
tion increases, while the droplet size will decrease until it reaches
a minimum value as the particle concentration increases, as shown
in Fig. 3(b). For a system with a fixed oil-to-water ratio, the total
surface area of droplets increases as the droplet size decreases.
Therefore, as the particle concentration increases, the total sur-
face area that could be fully covered by particles increases and thus
the droplet size could decrease until it reaches a minimum value,
which is limited by shearing. Further increase in the particle con-
centration will lead to excess particles in the continuous phase,
which may form multi-layer adsorption on the droplet surface or
may aggregate to form a cementitious network structure, leading
to the appearance of emulsion gels (Arditty, Whitby, Binks, Schmitt,
& Leal-Calderon, 2003; Aveyard et al., 2003; Binks & Whitby, 2004;
Binks, Philip, & Rodrigues, 2005; Chen et al., 2018; Wiley, 1954).
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Fig. 3. Influences of particle concentration on Pickering Emulsions. (a) Fluorescent
confocal microscope images and schematic illustrations of emulsions stabilized by
0.5 wt%, 0.8 wt% and 1.0 wt% fluorescent particles (from top to bottom) (Juarez
& Whitby, 2012). (b) Optical microscope and visual images of high internal phase
emulsions (HIPEs) (¢ = 0.8) stabilized by unmodified and OSA-modified cellulose
nanocrystals (CNCs) with particle concentration varying from 0.1 wt% to 1.2 wt%
(Chen et al., 2018). (c) Visual image of Pickering emulsions with an oil-to-water
ratio of ¢ = 0.3 stabilized by nanoparticles derived from insoluble soybean polysac-
charides with particle concentration varying from 0.25 wt% to 1.0 wt% and (d) the
evolution of their creaming index over time (T. Yang et al., 2019). (e) SEM images
of polystyrene particles prepared by polymerizing styrene droplets stabilized by
bacterial cellulose nanocrystals (BCN) with concentration = 0.5 g/L, 1 g/L and 5
g/L (from left to right) and (f) dependence of surface mean diameter D (3,2) of
hexadecane-in-water emulsions (¢ = 0.3) on BCN concentration (Kalashnikova et al.,
2011).

Pickering emulsions stabilized by different types of colloidal
surfactants generally show a similar dependence on the par-
ticle concentration. For example, insoluble soy polysaccharide
nanoparticles (ISPNs) prepared via a facile sonication process are
demonstrated to perform as outstanding stabilizers for oil-in-water
Pickering emulsions, as shown in Fig. 3(c) and (d) (Yang, Liu, Li, &
Tang, 2019). When the ISPN concentration increases from 0.25 wt%
to 1.0 wt%, the creaming index, which is the ratio of water height to
emulsion height, shows an increase in the emulsion stability over
time, suggesting the formation of a gel-like network.

Pickering emulsions stabilized by non-spherical colloidal sur-
factants, such as bacterial cellulose nanocrystals (BCNs), show
similar dependence on particle concentration; the droplet size
decreases to a plateau value of diameter ~4.2 wm, as the BCN
concentration increases, as shown in Fig. 3(e) and f (Kalashnikova,
Bizot, Cathala, & Capron, 2011).

Size of particles

The size of particles mainly influences the mobility of particles
in the continuous phase and the curvature of Pickering emulsions.
According to Einstein’s formula (Einstein, 1905), D = %{m' where
D is the diffusion coefficient, k is the Boltzmann constant, T is the
absolute temperature, u is the liquid viscosity and a is the particle
radius, smaller nanoparticles have a larger diffusion coefficient and
thus are expected to adsorb onto the droplet surface more rapidly
(Lin, Skaff, Emrick, Dinsmore, & Russell, 2003).

Generally, droplet size increases as particle size increases;
this is because large particles are not able to fit the large
curvature of small droplets. According to the formula
(Kralchevsky, Ivanov, Ananthapadmanabhan, & Lips, 2005),

ks = Loa® (%Asin“@ +5c0s20 — § ), where ks is the bending elas-
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Fig.4. Influences of particle size on Pickering Emulsions. (a) TEM and optical images
of Pickering emulsions stabilized by silica nanoparticles with particle size of 5 nm, 12
nm, 25 nm and 80 nm (from left to right). (b) Schematics showing oil or gas emulsions
in brine stabilized by nanoparticles of small size or large size. (c) Dependence of
average droplet size of Pickering emulsions on particle size (Kim et al., 2016). (d)
Dependence of interfacial tension of kerosene in water on silica nanoparticle size
and CTAB surfactant concentration (Saien & Fadaei, 2018). (e) Median drop diameter
(circles) and uniformity (squares) of heptane-in-water emulsions (¢ = 0.2) at pH =
9.5 stabilized by 2 wt% silica particles and 2 x 10~4 M DTAB as a function of the silica
particle diameter (Binks & Whitby, 2005).

ticity of droplet surface, o is the interfacial tension, a is the particle
radius, A = % is a constant and 6 is the particle contact angle, the
bending elasticity, which describes the resistance to bending, of
a closely packed particle monolayer is proportional to the square
of particle radius and thus droplet size increases as particle size
increases.

In a detailed study of emulsions of DI water or NaCl solution in
cyclohexane stabilized by hydrophobic polystyrene particles (Binks
& Lumsdon, 2001), the average droplet diameter increases with the
increase in the particle size. A formula, re = 4®wrp/Pp, where re
is the droplet radius, rp, is the particle radius, @y, is the volume
fraction of water phase and @, is the volume fraction of particles,
is proposed, where the drop radius is a linear function of the particle
radius under constant @y and P,

Experiments using four different sizes of silica nanoparticles are
carried out to investigate the influences of particle size on Pick-
ering emulsions, as shown in Fig. 4(a-c) (Kim, Worthen, Johnston,
Dicarlo, & Huh, 2016). In the four experiments, 5 mL decane is ultra-
sonicated in 5 mL water with 0.5 wt% silica nanoparticles. The size of
nanoparticles has little effect on the contact angle of nanoparticles
atthe interface, as the contact angle of nanoparticles at the interface
are determined by solid/oil, solid/water and oil/water interfacial
tensions, but mainly influences the droplet size. As the nanopar-
ticle size increases from 5 nm to 80 nm, the average droplet size
increases from 64 wm to 432 pm.

In systems with both colloidal surfactants (silica nanoparti-
cles) and molecular surfactants (CTAB), the interfacial tension of
kerosene in water decreases as the size of silica nanoparticles
decreases or as the concentration of CTAB increases, as shown in
Fig. 4(d) (Saien & Fadaei, 2018). Similarly, for droplets of heptane
in water with 2 wt¥% silica particles and 2 x 10~4 M DTAB at pH
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Fig. 5. Various shapes of particles developed as colloidal surfactants. (a) Ellipsoidal
Particles. Cryo-SEM image of a water droplet covered by ellipsoidal polystyrene
particles (aspect ratio ~4.3) (Madivala et al., 2009). (b) Dimer particles. Water-in-
oil emulsions stabilized by amphiphilic snowman-like dimer particles (Passas-Lagos
& Schuth, 2015). (c) Flaky particles. Synthesis of magnetically responsive reduced
graphene oxides (RGOs) and preparation of Pickering emulsions stabilized by them
(Lin et al., 2015). (d) Rod-like particles. Water-in-oil Pickering emulsions stabilized
by amphiphilic silica nanowires (Yan et al., 2015).

= 9.5, the median drop diameter increases as the silica particle
diameter increases, as shown in Fig. 4(e) (Binks & Whitby, 2005).
However, the surface area of silica particles also increases as the
diameter increases, thus leading to a decrease in the adsorption
density of DTAB surfactants on the particle surface, which may
cause a decrease in the median drop diameter when the silica par-
ticle diameter is larger.

Shape of particles

Spherical particles are the most widely studied colloidal surfac-
tants and they mainly include three types: (i) inorganic spherical
particles, such as silica particle (Zhao et al., 2018), titanium diox-
ide (Zhang, Bai, Guo, & Meng, 2015), magnetic Fe304 particle (Lin,
Zhang, Li, & Deng, 2016; Yang et al., 2017; Zhou et al., 2011) and
calcium carbonate (Zhu, Lu, Gao, Cui, & Binks, 2013); (ii) organic
spherical particles, such as polystyrene (He, Ge, Liu, Zhou, & Zhang,
2007) and chitosan (Wei, Wang, Zou, Liu, & Tong, 2012); (iii) bio-
genic particles, such as starch granule (Rayner, Sjoo, Timgren, &
Dejmek, 2012; Song et al., 2015; Timgren, Rayner, Sjoo, & Dejmek,
2011; Ye et al., 2017), kafirin particle (Xiao, Wang, Gonzalez, &
Huang, 2016), zein protein (de Folter, van Ruijven, & Velikov, 2012),
pea protein isolate (Liang & Tang, 2014), soy protein isolate (Liu &
Tang, 2013), whey protein isolate (Wu et al., 2015) and lactoferrin
protein (David-Birman, Mackie, & Lesmes, 2013; Shimoni, Levi, Tal,
& Lesmes, 2013). The developments of scientific researches have
broadened the diversity of colloidal surfactants, such as ellipsoidal
particle, dimer particle, flaky particle and rod-like particle (Ortiz,
Pochat-Bohatier, Cambedouzou, Bechelany, & Miele, 2020).

When spherical polystyrene particles are imbedded in a PVA
matrix and unidirectional stretched, spherical particles undergo
plastic deformation and change to prolate ellipsoidal particles.
Polystyrene particles with an average aspect ratio (AR) of 1.0, 3.0,
3.7 and 4.3 are thus prepared. In systems with a decane-to-water
ratio = 1:1 and 1 wt% hydrophobic polystyrene particles, spheri-
cal particles with AR = 1.0 could not stabilize any emulsions. In
contrast, ellipsoidal particles with AR = 3.0, 3.7 and 4.3 are able to
form stable water-in-oil emulsions and the droplet surface is fairly
densely packed by monolayers of ellipsoidal particles, as shown in
Fig. 5(a) (Madivala, Vandebril, Fransaer, & Vermant, 2009). Surface
rheology on planar monolayers of ellipsoidal particles demon-
strates that the magnitude of the interfacial viscoelastic property
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strongly depends on the aspect ratio of ellipsoidal particles at a
given surface coverage.

Dimer particles generally consist of two distinct bulbs and
may show dumbbell-like, snowman-like or mushroom-like shape,
depending on the size of the two bulbs. For example, mag-
netic amphiphilic dimer particles with one hydrophobic bulb of
poly(styrene-co-divinylbenzene) and the other hydrophilic bulb
of silica, could successfully stabilize emulsions of water in oil, as
shown in Fig. 5(b) (Passas-Lagos & Schuth, 2015). Amphiphilic
dimer particles are superior in tuning the curvature of emulsions
and thus determining the emulsion type by adjusting the aspect
ratio of hydrophilic bulb to hydrophobic bulb. In systems with
a fixed water-to-oil ratio = 1:1 and particle concentration of 48
mg/mL, oil-in-water emulsions are achieved when the aspect ratio
of hydrophilic bulb to hydrophobic bulb equals 1.5, while water-
in-oil emulsions are obtained when the aspect ratio of hydrophilic
bulb to hydrophobic bulb equals 0.65 (Sun, Yang, Wang et al.,
2020).

Flaky particles are basically two dimensional, same as 2D inter-
face, and are good colloidal surfactants for Pickering Emulsions.
Flaky particles, such as laponite clays (Ashby & Binks, 2000), lay-
ered double hydroxides (Yang et al., 2006) and graphene oxides
(McCoy, Pottage, & Tabor, 2014), have been prepared and investi-
gated. Because flaky particles generally have surface charges, their
performances in emulsion formation and stabilization are strongly
influenced by electrolytes and pH values. The addition of elec-
trolytes or the change of pH values could reduce the zeta potential
of flaky particles, making it easier for flaky particles to adsorb onto
the interface and aggregate into a network and thus facilitating
the formation and stabilization of emulsions. Recently, hydropho-
bic magnetic reduced graphene oxides (MRGOs) decorated with 10
nm Fe304 nanoparticles have been prepared, which show good per-
formances in stabilizing water-in-dodecane emulsions, as shown in
Fig. 5(c) (Lin, Yang, Petit, & Lee, 2015).

Rod-like particles, such as carbon nanotubes (Chen, Liu, Liu,
Bang, & Kim,2011),CdSe nanorods (He, Zhang et al., 2007), cellulose
nanocrystals (Kalashnikova, Bizot, Bertoncini, Cathala, & Capron,
2013; Zoppe, Venditti, & Rojas, 2012) and silica nanowires (Yan
et al., 2015), have successfully been prepared and applied as col-
loidal surfactants for emulsion stabilization. The performances of
Pickering emulsions stabilized by rod-like particles depend on the
length, diameter, rigidity and amphiphilicity of rod-like particles.
For example, hydrophilic silica nanowires with length ~5 pwm and
diameter ~225 nm dispersed in the water phase could not form
stable emulsions, while amphiphilic silica nanowires with length
~5 wm and diameter ~225 nm dispersed in the oil phase are able to
form stable water-in-oil emulsions, as shown in Fig. 5(d) (Yan et al.,
2015). If the hydrophilic silica nanowires dispersed in the water
phase are long enough, for example length ~10 wm and diameter
~225 nm, they are able to stabilize oil-in-water emulsions for 4
months.

Preparation of amphiphilic Janus particles

Amphiphilic Janus particles with one hydrophilic hemisphere
and the other hydrophobic hemisphere tend to have their
hydrophilic hemispheres submerged in water and hydrophobic
hemispheres submerged in oil, thus maximizing the anchor-
ing strength of particles at the interface and greatly improving
the emulsion stability. Therefore, amphiphilic Janus particles are
excellent emulsion stabilizers and various strategies have been
developed to prepare the particles, including selective surface mod-
ification, emulsion templates by microfluidics, self-assembly of
block copolymer and phase separation.
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Selective surface modification is an important method of
preparing amphiphilic particles. It uses 2D planes or 3D emul-
sions to partially mask the particle surface and chemically modify
the exposed particle surface, making the two surfaces with differ-
ent chemical properties. Selective surface modification could be
divided into 2D plane mask method and 3D emulsion mask method.
In 2D plane mask method, silica nanoparticles are embedded in a
polymer film through an amideation reaction with the active esters
submerged in the polymer film. The bottom areas of silica nanopar-
ticles are thus protected by the polymer film and the top exposed
areas could selectively be modified to contain gold nanoparticles
via electrostatic interactions, forming anisotropic Janus nanoparti-
cles, as shown in Fig. 6(a) (McConnell, Kraeutler, Yang, & Composto,
2010). To increase the mask area, silica nanoparticles could par-
tially be embedded in electrospun PMMA/P4VP nanofibers and
selectively grafted with functional groups on the exposed surfaces,
achieving Janus nanoparticles after dissolving the nanofibers (Ho,
Chen, Shie, Lin, & Kuo, 2008).

Compared with 2D plane mask method, 3D emulsion mask
method, which selectively modifies the particle surfaces inside the
droplet and outside the droplet, has larger mask area and thus
higher productivity. For example, silica nanoparticles anchored
at the interface of water-in-oil emulsions could selectively be
modified via atom transfer radical polymerization (ATRP) with
hydrophilic and hydrophobic polymers on the inner and outer sur-
faces, respectively, forming amphiphilic Janus particles, as shown
in Fig. 6(b) (Liu, Wei, Qu, & Yang, 2008). Fused silica nanoparticles
could also be fixed at the frozen interface of wax-in-water emul-
sions with their surfaces exposed in water chemically modified
with ammonia-propylsilane, thus achieving Janus particles after
dissolving the wax in chloroform (Hong, Jiang, & Granick, 2006). To
obtain aspherical Janus particles, the surfaces of silica nanoparticles
exposed in water could chemically be etched by using NH4F; differ-
ent shapes of Janus particles, such as mushroom, bonnet, dumbbell
and flower, could thus be prepared by changing the degree of etch-
ing (Liu, Zhang, Liu, Qu, & Yang, 2009).

Emulsion templates by microfluidics

Microfluidics is advantageous to prepare single and multiple
emulsions with tunable size, chemical composition and hierarchi-
cal structure, which could be used as templates to prepare Janus
particles with tunable properties (Peng, Wang et al., 2020; Wang,
Sun, & Chen, 2020; Shi, Yan, Wang, Feng, & Chen, 2020). To prepare
Janus particles, single emulsions with two inner phases or double
emulsions are generally used as templates (Ge, Huang, Xu, Chen, &
Luo, 2016; Wang et al., 2013; Chen et al., 2017) For example, one
stream of isobornyl acrylate monomer containing titanium diox-
ide (white stream) and the other stream containing carbon black
(black stream) are co-injected into a microfluidic device through
two inlets as the inner phases, which are co-sheared into Janus
droplets by the continuous water phase containing polyvinyl alco-
hol. Due to low Reynolds number, Janus droplets with distinct black
bulb and white bulb could be polymerized by UV irradiation before
the two bulbs mix with each other, forming Janus particles, as
shown in Fig. 6(c) (Nisisako, Torii, Takahashi, & Takizawa, 2006).
Janus particles with one PLA bulb and the other PCL bulb could
also be prepared using Janus emulsions as templates upon solvent
evaporation (Ekanem, Zhang, & Vladisavljevic, 2017). In addition
to spherical particles, disc-like (Shepherd et al., 2006), rod-like
(Dendukuri, Pregibon, Collins, Hatton, & Doyle, 2006) and wedge-
like (Dendukuri, Hatton, & Doyle, 2007) Janus particles could be
prepared by confining Janus droplets in microchannels of different
geometric shape before UV polymerization.
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Janus particles could also be prepared using double emulsions
as templates. By tuning the interfacial tensions, double emulsion
droplets could transition to Janus droplets. For example, monodis-
perse water-in-oil-in-water double emulsions are prepared using
a glass capillary microfluidic device. By adjusting the concentra-
tion of molecular surfactants in the outer continuous water phase,
the interfacial tensions of the double emulsion droplets could be
tailored and double emulsion droplets could transition to Janus
droplets driven by energy minimization (Wang et al., 2013).

Self-assembly of block copolymer

Block copolymers, which consist of blocks of different polymers
in a single chain, could self-assemble into molecular aggregates or
supramolecular structures by virtue of weak interactions, such as
hydrogen bonding, van der Waals force and electrostatic interac-
tion (Deng et al., 2020). The composition and morphology of Janus
particles prepared by molecular self-assembly can precisely be reg-
ulated by pre-designing the composition and structure of block
copolymers.

PS-b-PI-b-PtBMA (SIT) triblock copolymers are designed to
synthesize Janus particles consisted of a cross-linked PI core sur-
rounded by PS and PMAA hemispheres, as shown in Fig. 6(d)
(Schroder et al., 2016). The SIT triblock copolymers are dissolved in
THF and dialyzed in a mixture of acetone and isopropanol (volume
ratio of acetone:isopropanol = 60:40) to form multicompartment
micelles via self-assembly. The PI blocks are then cross-linked by
UV-initiated radical polymerization to obtain SIT Janus nanoparti-
cles, which consist of a cross-linked PI core surrounded by PS and
PtBMA hemispheres. To make one hemisphere hydrophilic, PtBMA
hemispheres are hydrolyzed to form PMAA hemispheres by acid-
catalyzed elimination of isobutene. In addition to Janus particles,
various shapes could be achieved by the self-assembly of block
copolymers; polystyrene-polybutadiene-polymethylmethacrylate
(SBM) triblock copolymers are shown to self-assemble into com-
plex Janus nanostructures, including Janus ring, Janus cylinder,
Janus plate and perforated Janus plate (Steinhaus, Chakroun et al.,
2019; Steinhaus, Srivastva, Nikoubashman, & Groschel, 2019).

Phase separation

Generally, two polymers with distinct properties are immisci-
ble with each other. However, they could be mixed in a co-solvent
or in the form of monomer. When the co-solvent evaporates
or the monomers are polymerized into polymers, they phase
separate. Therefore, Janus particles could be prepared based on
phase separation and the methods include polymerization-induced
phase separation, seeded emulsion polymerization and solvent
evaporation-induced phase separation.

In polymerization-induced phase separation, polystyrene parti-
cles serve as the seed particles and are fully swollen with ethylene
imine monomers; upon the addition of initiators, ethylene imine
monomers start to polymerize into polyethylene imine, which
phase separates from polystyrene, forming amphiphilic dumbbell-
like Janus particles with one hydrophilic polystyrene bulb and the
other hydrophobic polyethylene imine bulb, as shown in Fig. 6(e)
(Kim, Larsen, & Weitz, 2006). Similarly, PAN/PS Janus particles could
also be prepared based on polymerization-induced phase separa-
tion (Zhang et al., 2010).

Seeded emulsion polymerization also use polymer particles
as seed particles. However, instead of swelling seed particles,
free radiation reaction of monomers take place on the surface of
seed particles, thus forming Janus particles (Kaewsaneha, Bitar,
Tangboriboonrat, Polpanich, & Elaissari, 2014; Yu, Sun, Liang, Jiang,
& Yang, 2019).
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In solvent evaporation-induced phase separation, two immisci-
ble polymers co-dissolved in a solvent thermodynamically phase
separate upon solvent evaporation (Sun, Wu et al., 2020; Kong, Jin
et al., 2019; Kong, Chen et al., 2019). For example, PMMA and PS
are co-dissolved in toluene and then the solution is emulsified into
droplets in an aqueous phase. Upon the evaporation of toluene,
PMMA and PS phase separate, forming PMMA/PS Janus particles
(Tanaka, Nakatsuru, Kagari, Saito, & Okubo, 2008).

Applications of Pickering emulsions
Food industry

Pickering emulsions are widely used in food, such as milk, ice
cream, butter, margarine and beverage. The particles used in food
are mainly biogenic particles, such as fat crystals (2013, Frasch-
Melnik, Norton, & Spyropoulos, 2010; Rousseau, 2000), starch
particles (Chivero, Gohtani, Yoshii, & Nakamura, 2016; Yano et al.,
2017) and zein proteins (Gao et al., 2014). Particle-stabilized Pick-
ering emulsions are stable against droplet coalescence, showing
long-term stability. The use of Pickering emulsions in food is also
beneficial to achieve uniform texture, good taste, low fat and low
calorie. For example, to reduce the fat content in chocolate without
affecting the taste and improve the product stability, stable water-
in-oil Pickering emulsions, which are fruit juice dispersed in molten
chocolate stabilized by chitosan and silica particles, are developed,
as shown in Fig. 7(a) (Skelhon, Grossiord, Morgan, & Bon, 2012).

Cosmetic industry

Emulsion is an indispensable formulation in cosmetics.
Emulsions stabilized by traditional molecular surfactants have
disadvantages of skin irritation and greasy feeling. Pickering emul-
sions, in which colloidal surfactants replace molecular surfactants,
have demonstrated applications in cosmetics with good skin sen-
sation, low skin irritation and high product stability (Sun, Yang,
Eggersdorfer et al., 2020). Sunscreen is a typical product using
Pickering emulsions. Titanium dioxide (TiO,) and zinc oxide (ZnO)
nanoparticles are two typical sun blockers and have very good

skin compatibility (Kent, Aldous, & Blake, 2010). The nanoparticles
could also perform as colloidal surfactants, stabilizing Pickering
emulsions, as shown in Fig. 7(b) (Marto et al., 2016). An innova-
tive Pickering emulsion-based sunscreen formulation, including
TiO,, ZnO and aluminum starch octenylsuccinate, is developed,
which shows very good skin compatibility and waterproof perfor-
mance. The dermal delivery of cosmetic products using Pickering
emulsions without any molecular surfactants are also proved to
increase the skin penetration depth (Simovic, Ghouchi-Eskandar,
& Prestidge, 2011).

Material science

Pickering emulsions consisted of one phase dispersed in the
other phase are good templates for preparing porous functional
materials with large surface area (Na et al., 2019; Qin et al., 2020;
Yang, Xu, Shu, Wang, & Ge, 2020). For example, porous poly-
mers with high permeability and porosity could be synthesized
by directly polymerizing the continuous oil phase of water-in-
oil Pickering emulsions by heating (Ikem, Menner, Horozov, &
Bismarck, 2010). Similarly, highly porous and electrically con-
ductive polymers could be prepared in one step using carbon
nanotube-stabilized Pickering emulsions as templates, in which the
continuous oil phase is polymerized at an elevated temperature
(Menner, Verdejo, Shaffer, & Bismarck, 2007).

In additional to directly polymerizing the continuous phase of
Pickering emulsions, porous scaffolds could also be prepared by
solvent evaporation; as solvent in the continuous phase gradually
evaporates, polymers dissolved in the solvent precipitate to form
porous scaffolds. For example, porous poly(lactide-co-glycolide)
(PLGA) scaffolds are prepared using Pickering emulsions stabilized
by poly(l-lactic acid)-grafted hydroxyapatite (g-HAp) nanoparti-
cles by solvent evaporation for drug release, as shown in Fig. 7(c)
(Hu, Gu et al., 2014). The scaffold morphology, pore structure and
mechanical property could be adjusted by changing the concentra-
tion of g-HAp nanoparticles or the volume fraction of the dispersed
phase. When loaded with anti-inflammatory drug in the scaffolds,
ibuprofen, the release rate of ibuprofen could be tuned by the con-
centration of g-HAp nanoparticles. Similarly, porous poly(L-lactic
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acid) (PLLA) scaffolds are fabricated by solvent evaporation (Hu,
Zou, Chen, Tong, & Wang, 2014).

Drug delivery

Pickering emulsions are stabilized by particles at the water/oil
interface and the particle layer at the interface is much thicker
than the molecular layer in emulsions stabilized by molecular sur-
factants, resulting in better sustained release for drug delivery.
Therefore, active substances could be encapsulated in Pickering
emulsions to control their release kinetics and improve their
bioavailability (Xia et al., 2018; Casamonti et al., 2019; Wu, Yang,
Li, Feng, & Weitz, 2020).

Hydrophobic drugs could be encapsulated in Mg(OH),
nanoparticle-stabilized oil-in-water Pickering nanoemulsions, as
shown in Fig. 7(d) (Sy et al., 2018). Since Mg(OH), nanoparticles
could be dissolved in acidic media, drugs could be released more
easily from the Pickering emulsions under acidic condition, show-
ing a pH-dependent release for drug delivery. Various particles,
including silica nanoparticles (Tikekar, Pan, & Nitin, 2013), cellu-
lose nanocrystals (Low et al., 2019), chitosan nanoparticles (Shah
et al., 2016), protein nanogels (Araiza-Calahorra & Sarkar, 2019)
and starch granules (Marefati, Bertrand, Sjoo, Dejmek, & Rayner,
2017), have been used as stabilizers in Pickering emulsions for drug
delivery.

While oil-in-water Pickering emulsions are suitable delivery
vehicles for hydrophobic drugs, water-in-oil Pickering emulsions
could be used to deliver hydrophilic drugs. For example, a water-
soluble chemotherapeutic drug for liver tumors, oxaliplatin, is

encapsulated in water-in-oil Pickering emulsions stabilized by
biodegradable polylactic-co-glycolic acid (PLGA) nanoparticles
(Deschamps et al., 2018). While oxaliplatin encapsulated in molec-
ular surfactant-stabilized emulsions is almost completely released
within 24 h, the total amount of oxaliplatin released from colloidal
surfactant-stabilized Pickering emulsions after one month is only
about 72%.

Biomedical research

Pickering emulsions are also widely applied in biomedical
research (Song et al.,, 2019; Yang, Dong et al., 2020; Wu et al.,
2021). Pickering emulsions without molecular surfactants have a
high skin permeability, a high skin penetration depth and thus
a strong adsorption capacity (Frelichowska, Bolzinger, Valour,
et al., 2009); drugs loaded in Pickering emulsions can quickly
pass through the corneum and then enter the dermis and sub-
cutaneous tissues, preventing the skin from further infection and
promoting its recovery ((Frelichowska, Bolzinger, Pelletier, Valour,
& Chevalier, 2009). For example, biocompatible cyclodextrins are
used as emulsion stabilizers to formulate bactericidal Pickering
emulsions containing econazole nitrate for topical applications.
The antifungal and antibacterial tests show that the formulation
is able to inhibit fungus and bacterial growth, as shown in Fig. 7(e)
(Leclercq & Nardello-Rataj, 2016). In addition to cyclodextrin, silica
(Frelichowska, Bolzinger, Pelletier et al., 2009; Salerno et al., 2016)
and chitosan particles (Asfour, Elmotasem, Mostafa, & Salama,
2017) have also been explored as emulsion stabilizers for topical
applications.
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Vaccine adjuvant

Recent outbreak of COVID-19 is a global challenge. Squalene-
in-water Pickering emulsions stabilized by alum microgels are
developed as an enhanced COVID-19 vaccine adjuvant, as shown
in Fig. 7(f) (Peng, Cao et al,, 2020). Particulate alum via Pick-
ering emulsion (PAPE) could stimulate the cellular uptake and
cross-presentation of antigens for enhanced humoral and cellu-
lar responses, offering potential insights for the development of
a safe and efficient COVID-19 vaccine adjuvant. During the initial
stage, PAPE is co-internalized and transported through early endo-
somes. After 12 h of co-incubation, the cargo is concentrated within
the endosomes. During this process, PAPE, which contains surface-
packed alum, experiences enhanced protonation within the acidic
endosomes, which might stimulate the rapid inflow of H* and boost
the rupture of the lysosomes, releasing the antigens into the cyto-
plasm for potent cellular immune responses.

Conclusion

Solid particles adsorb strongly at the water/oil interface and
could perform as colloidal surfactants for the stabilization of Picker-
ing emulsions. Due to the diverse morphologies, tunable properties
and designable functions of colloidal surfactants, Pickering emul-
sions have high resistance to coalescence, long-term stability, good
biocompatibility and tunable properties, continuously expanding
their applications in scientific researches and industrial applica-
tions.

In this paper, we provide a comprehensive review on Pickering
emulsion systems. Three main aspects are covered: (i) Influences
of particle properties on Pickering Emulsions, including particle
amphiphilicity, concentration, size and shape; (ii) Preparation of
amphiphilic Janus particles, including selective surface modifica-
tion, emulsion templates by microfluidics, self-assembly of block
copolymer and phase separation; (iii) Applications of Pickering
emulsions in food industry, cosmetic industry, material science,
drug delivery, biomedical research and vaccine adjuvant.

With the increasing interest in Pickering emulsions, the search
for new biocompatible colloidal surfactants as effective stabiliz-
ers for Pickering emulsions is still a challenge. Innovation of new
technologies for the high-throughput preparation of colloidal sur-
factants using a versatile and green method is also required to
meet the requirements of industrial applications. The applications
of Pickering emulsions in the fields related to human health and
medical therapy need to be further explored and will become more
and more important in the future.
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