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Particle-stabilized Pickering emulsions pose several challenges to scientists researching food delivery
systems. This study investigated Pickering emulsions co-stabilized by zein-propylene glycol alginate
composite nanoparticles (size: 416.4 + 8.5 nm) and rhamnolipid, quillaja saponin and tea saponin
(0.01-1.00%, w/v). The results showed that different types and concentrations of natural small molecular
surfactants (NSMS) had an important influence on the stability, microstructure and rheological properties
of the Pickering emulsions. The surfactants were able to not only diffuse into the interfacial gaps but also
adsorb onto the surface of particles to modulate the interfacial wettability, which was dependent on their
types and concentrations. The negatively charged surfactants endowed the droplets with electrostatic
repulsion and steric hinderance to prevent their flocculation and coalescence. In vitro digestion fate
demonstrated that the presence of natural surfactants delayed the lipid digestion of the Pickering emul-
sions in the small intestine, particularly by decreasing the release rate of free fatty acids from 57.37% to
10.76% and 7.84% with the addition of quillaja saponin and tea saponin, respectively. The combination of
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nanoparticles and individual surfactants at the intermediate concentration (0.50%, w/v) exerted a syner-
gistic effect on stabilizing the Pickering emulsions and inhibited lipolysis in the gastrointestinal tract,
exhibiting potential applications as a fat replacer.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The so-called Pickering emulsion is defined as one stabilized by
solid particles at the soft interface [1-4]. An appropriate interfacial
wettability of particles promotes the adsorption of particles at the
interface. The ability of solid particle in adhering to the surface of
droplets endows the Pickering emulsion a great resistance against
coalescence or Ostwald ripening, otherwise known as the Pickering
stabilizer [5]. Pickering emulsions have a wide range of applica-
tions in many areas. In terms of food product development, most
of the research has focused on the synthesis of composite nanopar-
ticles with a suitable wettability to stabilize high internal phase
emulsions (HIPEs). However, it is difficult to indentify the appro-
priate biodegradable particles to fabricate the Pickering emulsion
[6]. The complex manufacture of the stuitable particles also limits
their large-scale industrial production.

Unlike particle-stabilized interfaces, surfactants are utilized to
stabilize conventional emulsions by quick adsorption onto the sur-
face of droplets and lower the interfacial tension [6]. Nonetheless,
the desorption energy of low molecular weight surfactants can be
less than 10 kT, which is considerably lower than that of solid par-
ticles (up to several thousand kT) [7,8]. The low interfacial adsorp-
tion energy and fragile spatial structure tend to lead the emulsion
stabilized by surfactants to lose its stability during long-term stor-
age and under different environmental stresses.

In our previous study, we investigated the effect of polymer-
particle interactions on the interfacial structure and the properties
of bilayer emulsions co-stabilized by zein colloidal particles and
polysaccharides [9]. The synergism of polymers and particles pro-
fundly improved the physical stability of Pickering emulsions and
modulated their rheology and interfacial structure. Many studies
have reported on the stabilization of emulsion systems by inor-
ganic particles (such as silica nanoparticles) and artificial surfac-
tants [10-16]. Although these studies have revealed that the
synergetic stabilizing mechanism of particles and surfactants
occurs at the interface, it remains difficult to find suitable food
grade surfactants to help stabilize emulsions using biocompatible
colloidal particles. To the best of our knowledge, few studies have
reported on edible O/W emulsions stabilized by a combination of
colloidal particles and natural surfactants.

Two questions exist regarding whether the stability of Picker-
ing emulsions co-stabilized by particles and individual surfactants
can be improved and how the type and concentration of different
surfactants modulates the interfacial structure of droplets, which
itself influences the digestion behaviour and lipid hydrolysis of
Pickering emulsions. On the one hand, ionic particles are
adsorbed at the interface and provide steric hinderance and elec-
trostatic repulsion. Natural small molecular surfactants (NSMS)
are also quickly adsorbed at the interface and lower interfacial
tension effectively. Therefore, the advantages of both particles
and NSMS can be combined to stabilize Pickering emulsions. On
the other hand, the key to lipid hydrolysis in the small intestine
is the fact that bile salts are able to replace the original adsor-
bents through competitive adsorption, such that lipase/colipase
is adsorbed onto the surface of emulsion droplets and hydrolyses
lipids to form free fatty acids [17-19]. The Pickering emulsion is
an excellent alternative to fat replacers since the particles on the
interface are difficult to replace by bile salts [19]. However, many

gaps remain between the particles at the interface, and the bile
salts are still adsorbed to these binding sites. Biocompatible par-
ticles can become denatured under the gastrointestinal environ-
ment, resulting in the potential desorption of particles. The
addition of NSMS could fill the interfacial gaps between the par-
ticles, thus inhibiting the adsorption of bile salts and lipid hydrol-
ysis [20,21].

Zein, a distinct amphiphilic plant protein, can be self-assembled
into colloidal particles to encapsulate nutraceuticals thanks to its
intrinsic hydrophobicity, with a composition of over 50%
hydrophobic amino acids [22]. Propylene glycol alginate (PGA) is
generally used to fabricate protein-polysaccharide complexes with
zein as a particle carrier for the delivery of nutraceuticals, other-
wise known as a Pickering stabilizer [23-25]. Rhamnolipid (Rha)
is a microbial surfactant, which is a typical type of glycolipid con-
taining one or two polar rhamnose units and a non-polar fatty acid
chain [26]. Rha is traditionally used for the delivery of hydrophobic
molecules through a fully biodegradable transport system or the
preparation of stable nanoemulsions [27]. Saponins are surface-
active compounds consisting of hydrophilic sugar moieties and a
hydrophobic steroid or triterpene backbone [28]. Quillaja saponin
(QS) is an effective emulsifier used in the formation of nanoemul-
sions [29-31]. Camellia seed has been reported to be a rich source
of tea saponin (TS), which can be utilized to stabilize emulsions as
a natural surfactant [31]. The molecular structures of these differ-
ent surfactants are illustrated in Fig. S1.

Herein, we fabricated novel Pickering emulsions co-stabilized
by particles and three different types of NSMSs (Rha, QS and TS).
The properties of the particles and Pickering emulsions were pre-
sented, followed by the evaluation of interfacial structure, rheolog-
ical properties, stability under various environmental stresses and
in vitro digestion of the Pickering emulsions using optical micro-
scopy, confocal laser scanning microscopy (CLSM), cryogenic-
scanning electric microscopy (cryo-SEM) and other analytical
methods. The impact of the different combinations of composite
nanoparticles and NSMSs at the interface on the stability,
microstructure and lipid hydrolysis was investigated. Our results
provide a theoretical basis for the design of nutraceutical Pickering
emulsions in the future.

2. Materials and methods
2.1. Materials

Zein (protein content: 91.3%) was obtained from Sigma-Aldrich.
Propylene glycol alginate (PGA) was generously provided by Han-
jun Sugar Industry Co. Ltd. (Shanghai, China). Medium-chain
triglycerides (MCT, Miglyol 812 N) were from Musim Mas (Medan,
Indonesia). Rhamnolipid (>90%) was obtained from Parnell Biolog-
ical Technology Co. Ltd (Shaanxi, China). Tea saponin (TS) was
donated by Han Qing Biological Technology Co. Ltd. (Hunan,
China), which was supplied as a yellowish powder that contains
around 51.8% saponin, 36.1% total carbohydrate, 5.6% crude pro-
tein, 2.7% ash, and 3.7% water. Quillaja saponin (QS) is a heteroge-
nous mixture of molecules varying both in their aglycone and
sugar moieties, which was reported to have about 35% sapogenin
content from Sigma-Aldrich. Absolute ethanol (99.99%), solid
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sodium hydroxide and liquid hydrochloric acid (36%, w/w) were
acquired from Eshowbokoo Biological Technology Co.,Ltd. (Beijing,
China).

2.2. Sample preparation

2.2.1. Preparation of ZPCPs and different NSMS solutions

Zein-PGA composite particles (ZPCPs) were prepared by the
solvent-evaporation co-precipitation method according to our pre-
vious study with some modifications.[24] Briefly, 2.7 g zein and
0.3 g PGA were co-dissolved in 1000 mL 70% (v/v) aqueous ethanol
solution and stirred at 600 rpm overnight at 25 °C to make sure
that they were completely dissolved. Thereafter, the ethanol was
removed using a rotary evaporator at 45 °C for 60 min and the
remaining volume was set to around 250 mL. The colloidal disper-
sion was diluted with pH-adjusted water (pH 4.0) to 300 mL. The
ZPCPs were centrifuged (Sigma 3 k15, Germany) at 3000 rpm for
10 min to separate any large particles and aggregates. Finally, the
supernatant was adjusted to pH 4.0 using 0.1 M HCl solution. Part
of ZPCPs was placed at 5 °C for further analysis, while the other
part was freeze-dried for 72 h to obtain powder samples. Different
NSMS solutions at various concentrations (0.01%, 0.05%, 0.10%,
0.25%, 0.50%, 0.75% and 1.00%, w/v) were prepared by dissolving
NSMSs in deionized water and stirring at 600 rpm overnight to
warrant complete hydration. Then pH was adjusted to 4.0 with
1 M NaOH.

2.2.2. Preparation of Pickering emulsions co-stabilized by ZPCPs
and NSMSs

Briefly, the primary emulsion (the ZPCPs stabilized Pickering
emulsion) was prepared by mixing 7.5 mL of the ZPCPs (2.0%,
w/v) dispersion with 15 mL of oil phase (MCT) at 15000 rpm using
a blender (Ultra Turrax, model T25, IKA Labortechnic, Staufen,
Germany). After the complete addition of MCT, the mixture was
further homogenized for another 5 min to obtain the primary
emulsion. Secondary emulsions (the ZPCPs/NSMS co-stabilized
Pickering emulsions) were obtained by mixing the primary emul-
sion with 7.5 mL of individual NSMS solutions (0.01-1.00%, w/v).
The different ZPCPs and Rha co-stabilized Pickering emulsions
were termed as Z-P/0.01rha, Z-P/0.05rha, Z-P/0.10rha, Z-
P/0.25rha, Z-P/0.50rha, Z-P/0.75rha and Z-P/1.00rha, respectively.
The different ZPCPs and TS co-stabilized Pickering emulsions were
termed as Z-P/0.01ts, Z-P/0.05ts, Z-P/0.10ts, Z-P/0.25ts, Z-P/0.50ts,
Z-P[0.75ts and Z-P/1.00ts, respectively. The different ZPCPs and QS
co-stabilized Pickering emulsions were termed as Z-P/0.01gs,
Z-P[0.05gs, Z-P/0.10gs, Z-P/0.25gs, Z-P/0.50qs, Z-P/0.75qs and
Z-P[1.00gs, respectively. The Pickering emulsion stabilized by
ZPCPs solely was termed as Z-P. Besides, 0.10%, 0.50% and 1.00%
(w/v) of NSMS solutions (Rha, TS and QS) were selected to prepare
traditional emulsions solely as control groups, which were termed
as 0.10rha, 0.50rha, 1.00rha, 0.10ts, 0.50ts, 1.00ts, 0.10gs, 0.50qgs
and 1.00gs, respectively.

2.3. Particle properties

2.3.1. Particle size, zeta ({)-potential, and polydispersity index (PDI)
of ZPCPs

The particle size (Z-average size), zeta-potential, and PDI of the
composite particles were analysed using a Zetasizer (Nano-ZS90,
Malvern Instruments Ltd., Worcestershire, UK) with a DTS1060
cuvette at a scattering angle of 90°. Samples were diluted ten-
fold in distilled water (pH 4.0) to prevent multiple light scattering
effects. Thereafter, the samples were adjusted to pH 4.0 to deter-
mine the particle size and zeta-potential. All measurements were
conducted in triplicate.

2.3.2. Wettability measurement of ZPCPs

The contact angle (fo/w) of the ZPCPs was determined using an
OCA 20 AMP (Dataphysics Instruments GmbH, Germany) according
to the method described in our previous study.[32] All the mea-
surements were conducted in triplicate and averaged.

2.3.3. Field emission scanning electron microscopy (FE-SEM)

The morphology of composite nanoparticles was observed using
a field emission scanning electron microscopy (FE-SEM, SU8010,
Hitachi). The samples were placed on a double-sided coat with a
thin layer of gold and measured under an acceleration voltage of
20.0 kV [33].

2.4. Size and surface charge of oil droplets

Twelve hours after the preparation of the Pickering emulsions,
the droplet size was measured using a laser scattering size analyser
(LS230°®, Beckman Coulter, USA). Under continuous stirring at
3000 rpm, the emulsions were diluted until an obscuration rate
between 8% and 12% was obtained. The parameters were applied
as followed: a refractive index of 1.52 for MCT and an absorption
of 0.001, and a refractive index of 1.33 for the dispersant (deion-
ized water) [6]. The volume-area (D, 3) average diameters were cal-
culated using the following equation:

S nidi*
S nidi®

D4,3 =

where n; is the number of particles with a diameter of d;.

The electrical properties of the droplets were determined using
a Zeta sizer NanoZS90 (Malvern Instruments, Worcestershire, UK).
The Pickering emulsions were diluted to 0.005 wt% with pH-
adjusted water (pH 4.0) to minimize multiple scattering effects.
Data were collected from at least 10 sequential readings per sam-
ple after 120 s of equilibration and calculated using the
Smoluchowski model [32]. All measurements were performed in
triplicate.

2.5. Interfacial tension measurement

The interfacial tension between the aqueous phase (NSMS solu-
tions, Z-P dispersion and Z-P/NSMS mixed dispersions) and oil
phase (MCT) was measured using a Tensiometer K100 (Kruss, Ger-
many) according to the method reported by O’Sullivan et al. (2014)
[34]. The Wilhelmy plate was made of platinum, with a length,
width and thickness of 19.9 mm, 10 mm and 0.2 mm, respectively.
The Wilhelmy plate was immersed in 20 g of aqueous phase to a
depth of 3 mm with a surface detection speed of 15 mm/min and
maintained at 20 °C. The interfacial tension values and error bars
were reported as the average and the standard deviation of three
replicates, respectively.

2.6. Observation of interfacial structure

2.6.1. Optical microscopy

The microstructure of the Pickering emulsions was observed at
25 °C with an optical microscope (Leica DMD 108, Leica Microsys-
tems Inc., Heidelberg, Germany) equipped with a camera. An ali-
quot of the emulsion was placed at the centre of a slide glass and
covered with a cover glass [35].

2.6.2. Confocal laser scanning microscope (CLSM)

Confocal laser scanning microscopy (CLSM) (Zeiss780,
Germany) was used to visualize the interfacial structure of the
oil droplets. Nile blue (0.1%, w/v) was used to stain the ZPCPs,
while Nile red (0.1%, w/v) was used to dye the oil phase (MCT).
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The dyed emulsions were then deposited on concave confocal
microscope slides and gently covered with a cover slip. The CLSM
was operated using two laser excitation sources: an argon/krypton
laser at 488 nm (Nile red) and a Helium Neon laser (He-Ne) at
633 nm (Nile blue).

2.6.3. Cryo-SEM

In the Cryo-SEM technique, the sample was vitrified with liquid
nitrogen and maintained at a very low temperature. The structure
of the Pickering emulsions was thereby preserved in a frozen state,
allowing them to remain stable during the observation of their
microstructure [36]. The microstructure of the Pickering emulsions
co-stabilized by ZPCPs and different NSMSs was observed using
Cryo-SEM. The samples were placed on an aluminum plate, and
transferred to a cryo-preparation system (PP3010T, Quorum Inc.,
UK) to flash-freeze the samples in liquid nitrogen slush followed
by high vacuum sublimation of unbound water. The samples were
freeze-fractured in the cryo-preparation chamber and coated with
platinum. Images were captured using SEM (Helios NanoLab G3
UC, FEI, USA). The analysis was performed at a working distance
between 3 and 5 mm with TLD detection at 2 kV.

2.7. Physical stability

The physical stability of the emulsions was measured by a LUMi-
Sizer (L.U.M. 290 GmbH, Germany), using centrifugal sedimentation
to accelerate the occurrence of instability phenomena such as sedi-
mentation, flocculation, and creaming [35]. The samples were sub-
jected to centrifugal force, and then illuminated with near-infrared
light to assess the intensity of the transmitted light as a function
of time and position over the entire sample length, simultaneously.
The parameters used for the measurement were set as follows:
1.2 mL of the emulsion; rotational speed, 3000 rpm; performed time,
3600 s; time interval, 20 s; temperature, 25 °C.

2.8. Storage stability

After the preparation of the emulsions, the droplet size and
zeta-potential were measured and recorded at regular storage
intervals (1, 7, 14, 21 and 28 days). The visual characteristics of
the emulsions during different storage periods were also observed.

2.9. Rheological properties

The rheological properties of the emulsions were determined at
25 °C using an AR-1500 rheometer (TA Instruments, West Sussex,
UK) with a steel parallel plate (40 mm diameter, gap 0.100 mm).
The samples were deposited onto the plate and allowed to reach
temperature equilibrium for 5 min. For the steady-state flow mea-
surement, the shear rate ranged from 0.1 to 100 s~!, with the
apparent viscosity (1) obtained from TA data analysis software.
All the dynamic tests were performed within the linear viscoelastic
region, and a stress value of 1 Pa was chosen for the frequency test.
Frequency was oscillated between 0.1 and 100 rad/s and strain was
performed at 1% [37]. Both elastic modulus (G’) and loss modulus
(G”) were recorded versus frequency to determine whether the
emulsion was strongly or weakly flocculated. All measurements
were performed in triplicate.

2.10. Environmental stability

2.10.1. Effect of pH

The effect of pH on the emulsion stability was evaluated accord-
ing to the method of Wei et al. [37]. The experimental emulsions
after 12 h of storage at ambient temperature (25 °C) were adjusted
to pH 2.5, 6.0 and 8.5 using either 0.1 M NaOH or 0.1 M HCl.

2.10.2. Effect of ionic strength

The emulsions after 12 h of storage at ambient temperature
(25 °C) were mixed with different quantities of NaCl powder for
2 h to ensure uniform dispersion and complete dissolution. The
NaCl concentrations in the different emulsion samples were
adjusted to then 10, 50 and 100 mM [27].

2.10.3. Effect of thermal treatment

The emulsions after 12 h storage at ambient temperature
(25 °C) were incubated in water bath (85 °C) for 60 min and then
cooled down to 25 °C [37].

After each treatment, the average droplet size, size distribution
and zeta-potential of the emulsions were evaluated after 12 h stor-
age (25 °Q).

2.11. In vitro digestion analysis and free fatty acid release

An in vitro gastrointestinal model was applied according to a
modified procedure described in our previous study: [33].

Stomach phase: Briefly, 20 mL of the emulsion was mixed with
20 mL of simulated gastric fluid (SGF) containing 0.0032 g/mL pep-
sin to mimic gastric digestion. The pH was adjusted to 2.0 and the
sample was then swirled at 150 rpm for 1 h at 37 °C.

Small intestine phase: Briefly, 20 mL of gastric digesta was trans-
ferred into a 100 mL glass beaker and then adjusted to pH 7.0.
Thereafter, 20 mL of simulated intestinal fluid (SIF) containing
5 mg/mL bile salt, 0.4 mg/mL pancreatin and 3.2 mg/mL lipase
was mixed with digesta. The pH was adjusted to 7.0 and the sam-
ples were held under continuous vibration at 150 rpm for 2 h at
37 °C to mimic small intestine digestion.

The degree of lipolysis was measured according to the amount
of free fatty acids (FFAs) released. The quantity of 0.25 M NaOH
required to neutralize the released FFAs through lipid digestion
was determined on a pH-stat automatic titration unit (Metrohm,
Switzerland, 916 Ti-Touch) [21]. The digestion of ZPCPs-
stabilized Pickering emulsions and individual NSMS-stabilized
conventional emulsions was also carried out as control groups.
The quantity of FFAs released was determined as the percentage
of FFA (%) released during the digestion period as described by Li
and McClements:[38]

%FFA — 100 x VNaOHzn‘}‘I;aOHM lipid
lipid

where Vnaon and my,on represent the volume (L) and concentration
(M) of NaOH solution needed to neutralize the FFAs, and Wy;,iq and
Miipia represent the initial mass (g) and molecular mass (g-mol ') of
the triacylglycerol.

2.12. Statistical analysis

All the data obtained were average values of triplicate determi-
nations and subjected to statistical analysis of variance using SPSS
18.0 for Windows (SPSS Inc., Chicago, USA). Statistical differences
were determined by one-way analysis of variance (ANOVA) with
Duncan’s post hoc test and least significant differences (p < 0.05)
were accepted among the treatments.

3. Results and discussion
3.1. Characteristics of ZPCPs

ZPCPs were prepared using the solvent-evaporation co-
precipitation according to our previous study with some modifica-
tions [24,33]. The mean hydrodynamic size and polydispersity
index (PdI) of ZPCPs were 416.4 + 8.5 nm and 0.222 + 0.029, respec-
tively (Fig. 1A). This result showed that ZPCPs were markedly big-
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ger than the inorganic nanoparticles used in the stabilization of
Pickering emulsions [12,13,25]. The large size of the particles could
provide sufficient energy for attachment at the oil-water interface
[2,7,8]. The isoelectric point (pl) of zein is around pH 6.2 and PGA
has a dissociation constant (pKa) around pH 3.5 [23]. Therefore,
zein can successfully integrate with PGA at pH 4.0 via
electrostatic attraction to form ZPCPs. ZPCPs had a negative charge
(—=13.97 £ 0.05 mV). Although the particles could hardly provide
sufficient electrostatic repulsion among the droplets, they showed
a long-term stability against coalescence and Ostwald ripening due
to the steric hinderance [25].

The interfacial wettability of the particles plays a crucial role in
Pickering stabilization [35]. Adequate wettability is an important

Mean size: 416.40  8.46 nm
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Fig. 1. Particle size distribution (A), interfacial wettability (B) and morphology (C)
of zein-PGA composite nanoparticles.

prerequisite for the adsorption of particles at the oil-in-water
interface, which is determined by the contact angle (0yw). The
Oojw of ZPCPs was around 73.0 + 0.4° (Fig. 1B), which may be attrib-
uted to more hydrophilic residues exposed to the surface of parti-
cles during the process of solvent-evaporation co-precipitation.
The morphology of ZPCPs was observed by FE-SEM (Fig. 1C).
ZPCPs exhibited a spherical shape with a diameter of around
400 nm, which was consistent with the result of DLS. Although
the suitable wettability and regular sphericity could promote the
particles to be adsorbed on the surface of droplets, the large size
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Fig. 2. Droplet size and zeta-potential of Pickering emulsions co-stabilized by zein-
PGA composite nanoparticles and individual Rha (A), TS (B) or QS (C).
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would reduce the adsorption rate of the particles onto the interface
and leave large interfacial gaps between the particles [7,39].

3.2. Size distribution and zeta-potential of oil droplets

As shown in Fig. 2A, the droplet size of the Pickering emulsion
stabilized by the particles solely was 36.92 + 0.04 um. However,
it was continuously increased when a low quantity of Rha was
added to the Pickering emulsion. The droplet size of the Pickering
emulsion co-stabilized by ZPCPs and Rha reached its maximum
(87.19 £ 2.26 um) at Z-P/0.25rha, which indicated that the addition
of Rha promoted the aggregation of droplets and reduced the sta-
bility of the Pickering emulsion.

When the concentration of Rha reached 0.50% (w/v), there was
a marked reduction in the droplet size of the Pickering emulsion
co-stabilized by ZPCPs and Rha. Solid particles and surfactants
have two distinct mechanisms to stabilize the emulsion: the parti-
cles can either be adsorbed at the interface due to their suitable
wettability and stabilize the droplets by steric hindrance and elec-
trostatic repulsion, surfactants can be quickly adsorbed at the dro-
plet surface, effectively reducing the interfacial tension due to their
amphiphilic structure and low molecular weight [31]. According to
the measured interfacial tension in Fig. S3, Rha would be adsorbed
at the gaps among the particles on the surface of oil droplets, sig-
nificantly reducing the interfacial tension between the oil and
water, allowing large droplets to further break down during emul-
sification to form smaller droplets. Rha has a carboxylic acid group
as part of the hydrophilic head group and a hydrocarbon chain as a
non-polar tail (Fig. STA) with the excellent surface-activity [40].
The addition of Rha altered the interfacial composition of the dro-
plets and formed a more compact adsorbed layer [41]. Similarly,
Binks and Rodrigues found a synergistic behaviour between parti-
cles and surfactants when stabilizing the emulsion [39]. The min-
imum size of the Pickering emulsion obtained at Z-P/1.00rha was

0zmm 02mm

z-p Z-P/0.10rha
1.00rha Z-P/0.10ts
1.00ts Z-P/0.10qgs
1.00gs

23.46 = 0.20 um, which was markedly smaller than that of Z-P.
Meanwhile, the zeta-potential was reversely decreased from —16.
60 + 1.35 to —26.83 = 1.38 mV. In spite of the high desorption
energy of the particles on the droplet surface, nanoparticles and
surfactants were still able to undergo competitive adsorption at
the mixed interface, which exhibited a profound influence on the
interfacial structure [42]. An apparent reduction in the zeta-
potential of droplets indicated that a part of nanoparticles at the
interface was replaced by Rha molecules.

Fig. 2B demonstrated the influence of TS on the droplet size and
the zeta-potential of the Pickering emulsion. The addition of TS into
the particle-stabilized emulsion resulted in the occurrence of larger
droplets initially possibly due to the bridging of the particles
adsorbed at the interface, which was also similar to the effect of
Rha [39]. A similar phenomenon was observed in the droplet size
of the Pickering emulsion. When the concentration of TS was above
0.25% (w/v), the droplet size of the emulsion was continuously
decreased with the rise of TS level. Nevertheless, the droplet size
of the Pickering emulsion co-stabilized by ZPCPs and TS was notably
larger than that co-stabilized by ZPCPs and Rha. As shown in Figs. S3
and S4,Rha had a higher efficiency in lowering the interfacial tension
than TS, whether at a single surfactant interface or a mixed particle-
surfactant interface. This could be ascribed to the fact that Rha has a
lower molecular weight than TS, and is therefore more easily
adsorbed to the interfacial gaps between the particles (Fig. S1). Sapo-
nin is a structurally diverse class of amphiphilic glycosides and
occurs in various plants. Based on its molecular structure, TS is a
highly surface-active surfactant consisting of a hydrophobic agly-
cone part and a hydrophilic carbohydrate part [31].

With the addition of QS, the droplet size of the Pickering emul-
sion co-stabilized by ZPCPs and QS was markedly increased ini-
tially, which was similar to Rha and TS. However, there was a
continuous reduction in the droplet size of the emulsion with a rise
in the QS levels. The majority of Quillaja saponins contain quillaic

Z-P/0.50rha Z-P/1.00rha
Z-P/0.50ts Z-P/1.00ts
Z-P/0.50qs Z-P/1.00qs

Fig. 3. Optical microscope images of Pickering emulsions co-stabilized by ZPCPs and individual Rha, TS and QS.
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acid as the triterpene backbone, which is linked to a di- or trisac-
charide at the C3-positionand esterified with a complex oligosac-
charide (which may be acetylated) at position C28 [29]. Overall,
the droplet size of the Pickering emulsion co-stabilized by ZPCPs
and QS was significantly (p < 0.05) smaller than that of the ZPCPs
and Rha or TS co-stabilized Pickering emulsion. As shown in
Figs. S3 and S4, QS reduced the interfacial tension more effectively
than Rha and TS. Based on its large molecular weight (Mw: 1650)
and strong interfacial adsorption capacity, QS could considerably
enhance the stability of the Pickering emulsion by elevating the
adsorption rate and providing steric hindrance. When a low level
of surfactants was added to the particle-stabilized interface, they
could interact with the nanoparticles and be adsorbed onto the
surface of the nanoparticles. Meanwhile, the NSMS adsorbed on
the surface of the nanoparticles also acted as a bridge between
the nanoparticles, strengthening the attraction between them,
resulting in the aggregation of the droplets [43].

3.3. Optical microscopy

Optical microscopy was used to observe the morphology of the
droplets in the Pickering emulsions. The droplets in all the samples

Z-P/0.10ts

7-P/0.05¢gs

showed a regular spherical shape with different dimensions
(Fig. 3). The presence of surfactants caused different magnitudes
of aggregation of the particle-stabilized droplets and an increase
in the droplet size. With the addition of NSMS at a low concentra-
tion, several larger droplets were observed at Z-P/0.10rha and Z-
P/0.10ts. Comparably, the droplet size of Z-P/0.10gs was more uni-
form and smaller. The optical observation of the emulsion was con-
sistent with its droplet size distribution. When the concentration
of surfactants was increased, the emulsion gradually exhibited a
more uniform and smaller droplet size. As the concentration of
NSMS reached 1.00% (w/v), the morphology of the Pickering emul-
sion co-stabilized by ZPCPs and NSMS was similar to the traditional
emulsions solely stabilized by individual surfactants.

3.4. CLSm

CLSM was used to observe the interfacial structure of the Pick-
ering emulsions by marking the composite particles and oil phase.
Z-P showed the typical spherical droplets with a shell of particle
phase, and the dense nanoparticles were adsorbed at the surface
of the droplets with the steric hinderance and electrostatic repul-
sion to stabilize the Pickering emulsion (Fig. 4). The low levels of

Z-P/0.05ts

= B

Fig. 4. CLSM images of Pickering emulsions co-stabilized by zein-PGA composite nanoparticles and individual Rha, TS and QS.
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Rha (0.01% and 0.05%, w/v) resulted in a severe deformation and
aggregation of the droplets. The morphology of the droplets was
changed from a spherical shape to closely packed cell wall. A low
level of Rha resulted in a bridging between the droplets or the
adsorption onto the surface of particles to further increase the
hydrophilicity, which would also produce the bridging effect
[10,27,42]. With the rise of Rha concentration, the droplet size of
the Pickering emulsion decreased continuously and the droplets
were separated. Moreover, it was observed that the part of parti-
cles was desorbed from the interface of droplets at Z-P/1.00rha,
which was attributed to the competitive adsorption and displace-
ment between ZPCPs and Rha at the interface [12,39]. A similar
phenomenon was found in the ZPCPs and TS co-stabilized
Pickering emulsion. The addition of TS led to a severe aggregation

of droplets, however, the droplet size was progressively reduced
with an increase in the TS levels. Comparably, the ZPCPs and QS
co-stabilized Pickering emulsion exhibited a better physical stabil-
ity. At a low concentration of QS, the particle layer was adsorbed
around the droplets to provide effective steric hindrance. At a high
concentration of QS, surfactant domains formed on the surface of
the droplets, squeezed the areas of nanoparticles, and elevated
the surface pressure, leading to the aggregation of nanoparticles
at the interface [42].

3.5. Cryo-SEM

Cryo-SEM was used to analyze the original structure of the Pick-
ering emulsions and their interfacial properties. The spherical

g

Z-P/1.00gs" |

2001V 02004 15 000 x TLD st

45 mm 18.4 pm 00

200 kY 020 1A 5000 x TLD SE__4.0 mm 553 um 00"

Fig. 5. Cryo-SEM microstructure of Pickering emulsions co-stabilized by ZPCPs and individual Rha, TS or QS.
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droplets were observed in the frozen emulsions (Fig. 5). Different
quantities of nanoparticles were adsorbed and distributed on the
surface of the droplets. Due to strong hydrophilicity, only a small
part of the ZPCPs were able to enter into the oil phase, and most
were wetted by the aqueous phase, which is presented in the insert
image of Z-P. On the one hand, with the addition of different
NSMSs, they adsorbed onto the surface of nanoparticles and altered
the interfacial wettability of particles [44]. According to the images
of Z-P/1.00rha, Z-P/1.00ts, and Z-P/1.00qs, when the surfactant
concentration was higher, the particles adsorbed onto the surface
of the droplets were embedded deeper into the oil phase, indicat-
ing that the hydrophobicity of the particles was enhanced. On the
other hand, according to observations using cryo-SEM, a high level
of NSMS significantly increased the density of the particles
adsorbed at the interface, and a number of interfacial pores
appeared on the droplet surface. The size of these pores was con-
sistent with that of particles previously adsorbed on the droplet
surface, which confirmed that the addition of surfactants indeed
caused the aggregation of particles and a competitive displacement
between particles and NSMS on the mixed particle/NSMS interface
[14,39]. This phenomenon was pronounced in the ZPCPs and Rha
co-stabilized Pickering emulsion, especially at a low concentration
(0.10%, w/v) and more markedly high concentration (1.00%, w/v) of
Rha. As previously mentioned, Rha has a smaller molecular struc-
ture and therefore more easily adsorbs onto the interfacial gaps.
Interestingly, no more pores were observed in the droplet surface
of Z-P/0.50rha, which indicated that the intermediate concentra-
tion of Rha (0.50%, w/v) had a synergistic effect on composite par-
ticles, with the resultant Pickering emulsion becoming more stable.

3.6. Physical stability

Compared to the physical stability of Z-P, the stability of the Pick-
ering emulsion co-stabilized by ZPCPs and Rha was continuously
reduced when the concentration of Rha was elevated from 0.01%
t00.25% (w/v)(Fig. 6A). However, the stability of the Pickering emul-
sion was improved when the level of Rha was above 0.50% (w/v).
Among all of the Pickering emulsions co-stabilized by ZPCPs and
Rha, Z-P/0.50rha exhibited the best stability. This finding was con-
sistent with the observations by CLSM and cryo-SEM, since Rha

——ZP——ZPN0.25rha
A 035 ——Z-P/0.01rha—Z-P/0.50rha B
& ——Z-P/0.05rha——2Z-P/0.75rha

e Z-P/0.10r ha=———Z-P/1.00rha 0.54
0.4+
0.34

0.24

Tnstability index
Instability index

0.1+

and particles were co-adsorbed onto the interface and had a syner-
gistic effect,improving the stability of the Pickering emulsions at the
intermediate concentration of Rha, where neither bridging nor com-
petitive replacement occurred. As shownin Fig. 6B, Z-P/0.01ts exhib-
ited the worst stability among all the samples. With the rise of TS, the
stability of the Pickering emulsion co-stabilized by ZPCPs and TS was
enhanced. Besides, the stability of the ZPCPs and QS co-stabilized
Pickering emulsion was similar to that of the ZPCPs and Rha co-
stabilized Pickering emulsion. With the addition of QS at lower
levels (<0.10%, w/v), the physical stability of the Pickering emulsion
co-stabilized by particles and QS became worse than that of Z-P
(Fig. 6C). Nevertheless, the stability of the emulsion was improved
as the concentration of QS increased further and the best stability
was found at 0.50% (w/v) of QS. When the level of QS continued to
increase, the emulsion stability was decreased slightly. As a supple-
ment, Fig. 6D, E and F showed the physical stability of the conven-
tional emulsions solely stabilized by Rha, TS and QS, respectively.
In summary, Z-P/0.50rha and Z-P/0.50ts showed a better physical
stability than the other emulsions.

3.7. Storage stability

Among all the Pickering emulsions co-stabilized by ZPCPs and
Rha, Z-P/0.25rha was the most unstable during storage period,
followed by Z-P/0.10rha, Z-P/0.05rha and Z-P/0.01rha (Fig. 7A).
Compared to Z-P, the storage stability of the Pickering emulsion
was improved when the concentration of Rha was above 0.50% (w/
v). A similar phenomenon was observed in the ZPCPs and TS co-
stabilized Pickering emulsion. Z-P/0.25ts showed the worst stability
among all the samples, followed by Z-P/0.10ts, Z-P/0.05ts and Z-
P/0.01ts (Fig. 7B). At a higher concentration of TS, the storage stabil-
ity of the Pickering emulsion was visibly enhanced. Fig. 7C showed
the influence of QS level on the storage stability of the Pickering
emulsion. A greater increase was observed in the droplet size of Z-
P/0.01gs and Z-P/0.10gs, followed by Z-P/0.05qs and Z-P/0.25¢s.
However, the storage stability of the Pickering emulsion was found
to be greater at a higher QS level. The zeta-potential of the majority
of the emulsions exhibited irregular fluctuations, indicating that
surfactants were primarily involved in the interconversion of
dynamic adsorption and desorption [41-43]. Moreover, an
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Fig. 6. Physical stability of Pickering emulsions co-stabilized by zein-PGA composite nanoparticles and Rha (A), TS (B) or QS (C), physical stability of nanoemulsions stabilized

by individual Rha (D), TS (E) or QS (F).



300

—2zP
———Z-P/0.01rha
——Z-P/0.05tha

——Z-P/0.10tha

——Z-P/0.25tha

‘=———Z7-P/0.50rha
=——Z-P/0.75tha
= 2Z-P/1.00tha

200 5

180

160 4

140 4

100 4

D s (pm)

80
604

40

T
0 7 14 21 28

Storage time (day)

—2zP
——2Z-P/0.01gs
——2Z-P/0.05qs

7 ——2z-P/0.10gs

1 ——2-P/0.25qs

——2Z-P/0.50qs

——2Z-P/0.75qs

——Z-P/1.00gs

100

80

60 —

D, (un)

40

204

T
0 ¥/ 14 21 28

Storage time (day)

—7-P

—Z-P/0.01ts
-5 =———Z-P/0.05ts
——Z-P/0.10ts
—Z-P/0.25ts
7 -P/0.50ts
—Z-P/0.75ts.
———Z-P/1.00ts

Zeta - potential (mV)
|

Storage time (day)

Y. Wei et al./Journal of Colloid and Interface Science 563 (2020) 291-307

—ZP

——Z-P/0.01ts
=——Z-P/0.05ts
==Z-P/0.10ts
e Z-P/0.25ts
—— Z-P/0.50ts
——Z-P/0.75ts
——Z-P/1.00ts

B

140

120
100 4 ¥

80 4

D” (pm)

60 o

40

204

—Z-P

—2Z-P/0.011ha
——Z-P/0.05tha
=—Z-P/0.10tha
——Z-P/0.25tha
—2Z-P/0.50tha
=———2Z-P/0.75tha
o= Z-P/1.00tha

Zeta - potential (mV)
i

Storage time (day)

—_—zp
F ——2ZPN0.01gs

- ——2-P/0.05qs
——2Z-P/0.10qs
——2-P/0.25s
——2Z-P/0.50qs
——2ZPN0.75qs
——2Z-P/1.00qs

Zeta - potential (mV)

Storage time (day)

Fig. 7. Effect of storage period on the droplet size of Pickering emulsions co-stabilized by ZPCPs and Rha (A), TS (B) or QS (C), effect of storage period on zeta-potential of

Pickering emulsions co-stabilized by ZPCPs and individual Rha (D), TS (E) or QS (F).

interesting phenomenon was observed in the final week of the stor-
age period: the droplet size of part of the Pickering emulsions co-
stabilized by particles and Rha or QS decreased slightly, particularly
in the higher levels of NSMS (0.75% and 1.00%, w/v). Presumably, the
excessive Rha or QS molecules diffused into the interfacial pores
between the particles and induced competitive displacement
between the particles and surfactants [12,39,42]. On the one hand,
the desorption of the particles from the interface broke the bridging
flocculation between the droplets, which separated the droplets
from each other [39,41,43]. On the other hand, after a long period
of storage, the NSMS originally adsorbed onto the surface of particles
could be desorbed, thereby altering the surface charge and interfa-
cial wettability of the particles, as evidenced by the zeta-potential.
This phenomenon may enhance the repulsive forces between the
droplets, resulting in the destructuion of any particle bridging [44].

3.8. Rheological properties

Most previous studies focused on the rheological properties of
emulsions stabilized by small molecular emulsifiers or solid parti-

cles alone [37]. However, the influence of different NSMSs on the
rheological properties of Pickering emulsions has been scarcely
reported.

3.8.1. Apparent viscosity

As shown in Fig. 8A-C, the apparent viscosity (n) of all emul-
sions was gradually decreased with the increase in shear rate from
0.1 to 100 s, indicating shear-thinning behaviour. The droplets
tended to be distributed in a more orderly pattern along the flow
field and offered less resistance to flow with lower viscosity when
the shear rate was increased [32]. Due to the inappropriate wetta-
bility of the ZPCPs (6o/w = 73.0 % 0.4°), Z-P tended to form a more
concentrated state, which was a type of particle-filled weak gel,
and the network of aggregated droplets caused a higher viscosity
[45]. In the presence of Rha, the apparent viscosity of the Pickering
emulsions was decreased gradually and reached the minimum at
Z-P[0.25rha (Fig. 8A). Considering the positive correlation between
the viscosity of the emulsion and its physical stability, the addition
of Rha at a low concentration had a detrimental effect on the sta-
bility of the Pickering emulsion. The competitive adsorption
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Fig. 8. Rheological properties of Pickering emulsions co-stabilized by ZPCPs and individual Rha (A, D), TS (B, E) or QS (C, F).

between Rha and ZPCPs weakened the interaction between the
interfacial particles. Furthermore, the adsorption of Rha onto the
surface of particles inhibited the bridging of particles between
the droplets, thereby destroying the network formed by the parti-
cles at the interface. When the concentration of Rha was higher
than 0.50% (w/v), the viscosity of the Pickering emulsion reversed
to increase, indicating the formation of bridges by excessive Rha
molecules adsorbed onto the surface of the droplets. The effect of
different levels of TS on the viscosity of the Pickering emulsion
was depicted in Fig. 8B. When TS was 0.01% (w/v), there was a huge
declination in the viscosity of the Pickering emulsion, which
demonstrated that TS exerted a greater interference on the interac-
tion between the interfacial particles. As the concentration of TS
was increased, the viscosity of the ZPCPs and TS co-stabilized Pick-
ering emulsion was increased continuously, which was similar to
Rha in forming the bridges among the droplets. The addition of
QS had a more complex effect on the viscosity of the Pickering
emulsion (Fig. 8C). Compared to Z-P, the addition of 0.01% (w/v)
of QS reduced the viscosity of the Pickering emulsion, which was
similar to the addition of TS. However, when the concentration of
QS was increased from 0.05% to 0.25% (w/v), the viscosity of the

ZPCPs and QS co-stabilized Pickering emulsion was markedly
increased due to the bridging flocculation. At an intermediate con-
centration (0.50%, w/v), the viscosity of the Pickering emulsion
suddenly reduced to the lowest point. The phenomenon was
attributed to the fact that the adsorption of QS at the interface
reduced the interfacial tension, which further lowered the viscosity
of the Pickering emulsion. As the concentration of QS was further
increased, the viscosity rose again, which was mainly attributable
to the depletion effect caused by the excessive QS molecules
between the droplets [12,42,43].

3.8.2. Viscoelastic properties

Dynamic frequency sweep tests were performed in the linear
viscoelastic range to determine the frequency dependence of the
storage modulus (G’) and loss modulus (G”). All of the emulsions
showed that G’ was higher than G” especially in Z-P, indicating that
an elastic particulate gel-like structure was formed (Fig. 8D). The G’
was visibly decreased after the addition of Rha. The microstructure
of the Pickering emulsion was formed by the bridging interaction
between the particles adsorbed at the interface. The presence of
Rha hindered the interaction between the particles and therefore
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disrupted the elastic particulate solid-like structure. However,
there was no noticeable difference in terms of the viscoelasticity
of the Pickering emulsions at different concentrations of Rha. As
the concentration of Rha increased, the G’ of the Pickering emul-
sion decreased slightly.

A similar phenomenon was observed in the ZPCPs and TS co-
stabilized Pickering emulsion. A marked reduction was observed
in the relative values of G’ and G” of the Pickering emulsion with
the addition of TS. As the concentration of TS was increased, the
G’ of the Pickering emulsion decreased slightly and the gap
between G’ and G” was gradually reduced, which reflected a
transition in the rheological properties of the Pickering emulsion
from solid-like behaviour to liquid-like behaviour.

As shown in Fig. 8F, there was a gradual decrease in the G’ of the
ZPCPs and QS co-stabilized Pickering emulsion with the rise of QS
level ranging from 0.05% to 0.50% (w/v). Nevertheless, the G’ rose
rapidly at a higher concentration of QS and reached a maximum
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at Z-P/0.75qs, which indicated the elastic-viscous-elastic transition
in the rheological properties. This result revealed that a homoge-
nous and stable Pickering emulsion could be generated at higher
QS levels, potentially resulting from the excessive QS entangle-
ment [39].

3.9. Environmental stability

39.1. pH

The pH stability of the Pickering emulsions was dependent on
their interfacial compositions. Z-P/0.01rha was the most unstable
among all the ZPCPs and Rha co-stabilized Pickering emulsions
against pH fluctuation (Fig. 9A). When the concentration of Rha
was greater than 0.25% (w/v), the droplet size of the Pickering
emulsion was stable at different pH values. Besides, the droplet
size of the Pickering emulsions decreased gradually with an
increase in Rha levels. Although the negative charge of the emul-

Zeta - potential (mV)

B z»/0.01ch2 [ Z-P/0.25ch2Jl] Z-P/1.00tha
I z-P/0.05th2 [l Z-P/0.50rha
25 Ml z-p/0.10th [l Z-P/0.75tha

T T T T T T T T 1

pH

e
I z-P/o.0tts

1 Il Z-P/0.05ts
-50 [ z-P/0.10ts

J [ z-P/0.25ts
-60 Il z-P/0.50ts
1 Il z-P/0.75ts
704 I Z-P/1.00ts

Zeta - potential (mV)

-80 T T T T T T T

pH

Il zpo.01gs

Zeta - potential (mV)

pH

Fig. 9. Effect of pH on droplet size of Pickering emulsions co-stabilized by ZPCPs and Rha (A), TS (C) or QS (E), effect of pH on zeta-potential of Pickering emulsions co-

stabilized by ZPCPs and individual Rha (B), TS (D) or QS (F).
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sion under alkaline conditions was markedly more than that under
neutral condition, the droplet size was not reduced in the presence
of electrostatic repulsion (Fig. 9B). This result was consistent with
that reported by previous studies [40].

Z-P was stable at pH 2.5 and 8.5, but unstable at pH 6.0, which
was close to the pl value of zein (Fig. 9C) [24,25]. When TS was
added at the intermediate concentration (0.50%, w/v), the ZPCPs
and TS co-stabilized Pickering emulsion was more stable than Z-
P in a neutral environment, but worsened under acidic and alkaline
conditions. At pH 2.5, the zeta-potential of the ZPCPs and TS co-
stabilized Pickering emulsion at lower concentrations of TS was
lower than that of Z-P, which accounted for the coalescence of dro-
plets (Fig. 9D). When TS was added at a higher concentration
(>0.50%, w/v), the negative charge of the droplets was obviously
increased due to carboxylic acid groups of TS [31,46,47]. Therefore,
a sufficient electrostatic repulsion effectively improved the stabil-
ity of the emulsion against pH fluctuation.

The ZPCPs and QS co-stabilized Pickering emulsion was unsta-
ble at different pH values at a low concentration of QS (Fig. 9E).
As the concentration of QS was elevated continuously, the droplet
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size of the emulsion was decreased at different pHs. The increased
amount of QS provided sufficient electrostatic repulsion between
the droplets to reduce the droplet size (Fig. 9F). Nonetheless, the
ZPCPs and QS co-stabilized Pickering emulsion exhibited the best
stability under acidic conditions (pH 2.5) with the lowest negative
charge compared to neutral and alkaline conditions, which was dif-
ferent from previous studies regarding the pH stability of the emul-
sions stabilized by QS alone [29,31]. Both ZPCPs and QS are
negatively charged under acidic conditions, and therefore, the low-
est electrostatic repulsion was observed between ZPCPs and QS at
pH 2.5, due to the low negative charge. The reduction in repulsive
force between the particles and surfactants either facilitated their
co-adsorption onto the droplet surface to stabilize the emulsion
or promoted the emulsifiers to be adsorbed onto the surface of par-
ticles to alter the wettability [42,44].

3.10. Ionic strength

Fig. 10A shows the effect of different levels of NaCl (0-100 mM)
on the stability of the ZPCPs and Rha co-stabilized Pickering
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Fig. 10. Effect of ionic strength on droplet size of Pickering emulsions co-stabilized by ZPCPs and individual Rha (A), TS (C) or QS (E), effect of ionic strength on zeta-potential

of Pickering emulsions co-stabilized by ZPCPs and individual Rha (B), TS (D) or QS (F).
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emulsions. The droplet size was increased significantly (p < 0.05) in
the presence of salt, especially at a low Rha concentration (<0.10%,
w/v). When ionic strength was higher, the droplet size of the
Pickering emulsion was stable. Although partial competitive dis-
placement occurred at a higher Rha concentration, the remaining
steric hindrance and electrostatic repulsion maintained the stabil-
ity of the Pickering emulsion (Fig. 10B).

With the addition of TS, the Pickering emulsion was stable at a
low level of salt (10 mM), but became unstable at an intermediate
level of salt (50 mM) (Fig. 10C). This was attributed to the electro-
static screening with the rise of ionic strength, which accelerated
the coalescence between the droplets (Fig. 10D). However, the dro-
plet size remained constant when the level of NaCl was higher
(100 mM), due to the steric hinderance provided by the interfacial
layer.

There was an apparent increase in the droplet size of the ZPCPs
and QS co-stabilized Pickering emulsion initially with an increased
level of salt, followed by further small changes at higher salt levels
(Fig. 10E). Particularly, the Pickering emulsion at a high concentra-
tion of QS (>0.50%, w/v) became very stable, although the negative
charge of the droplets was significantly (p < 0.05) reduced at a high
level of salt (100 mM) (Fig. 10F). These findings demonstrated that
the instability of the Pickering emulsion co-stabilized by ZPCPs and
QS at a higher level of salt was attributed to flocculation
rather than coalescence, as a result of sufficient steric repulsion
[12,39,42].

3.11. Thermal stability

The Pickering emulsions were heated at 85 °C for 60 min to
evaluate their thermal stability. The Pickering emulsion stabilized
by ZPCPs alone was found to be stable against heating (Fig. 11A).
At a low concentration of Rha, the thermal stability of the Pickering
emulsion was lower than that of Z-P. The droplet size of the ZPCPs
and Rha co-stabilized Pickering emulsion was found to gradually
increase with the rise of Rha concentration, indicating the coales-
cence of the oil droplets during thermal processing. However,
when the Rha concentration was above 0.25% (w/v), the droplet
size was found to continuously decrease with an increase in Rha
levels. The emulsion was insensitive to heating when Rha was ele-
vated, and thermal stability was enhanced. A similar phenomenon
was observed in the ZPCPs and TS (Fig. 11B) or QS (Fig. 11C) co-
stabilized Pickering emulsions. The thermal stability of the emul-
sion was effectively enhanced in the presence of surfactants at a
high concentration. Among the three NSMSs, the Pickering emul-
sion with the addition of TS exhibited the best thermal stability.
This result was mainly attributed to the fact that TS has a larger
molecular weight, such that its adsorption onto the interface pro-
vided sufficient steric hindrance [41,42].

3.12. In vitro digestion fate of Pickering emulsions co-stabilized by
particles and NSMSs

The digestion behaviour of novel Pickering emulsions in the
simulated gastrointestinal tract was characterized by the droplet
size and release of FFAs. A substantial increase in the droplet size
of the Pickering emulsion stabilized by ZPCPs alone was observed
after gastric digestion (Fig. 12A). The presence of pepsin may result
in cross-linking between the adsorbed particles, followed by a sev-
ere aggregation of the droplets. Additionally, in a highly acidic
environment, the negative charge of oil droplets was found to
decrease sharply, and the electrostatic repulsion failed to prevent
the aggregation of the droplets. After transferring to the intestinal
phase, the droplet size was found to be markedly reduced due to
the adsorption of bile salts, as well as an enhanced electrostatic
repulsion. The presence of 0.10% (w/v) of Rha resulted in a more
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Fig. 11. Effect of thermal treatment on droplet size of Pickering emulsions co-
stabilized by ZPCPs and individual Rha (A), TS (B) or QS (C).

serious flocculation of oil droplets in the gastric juice. However,
the stability of the emulsion in the stomach was found to improve
rapidly when the concentration of Rha was elevated. The presence
of Rha effectively inhibited the aggregation of droplets in the gas-
tric phase. A similar phenomenon was observed in the particles
and TS or QS co-stabilized Pickering emulsions (Fig. 12 C and E).
The Pickering emulsions with addition of NSMSs at a low concen-
tration were very unstable in the gastric phase, with a droplet size
that was increased appreciably. Conversely, the Pickering emul-
sions exhibited markedly better stability against coalescence at a
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higher concentration of NSMEs. After the emulsions were trans-
ferred into the small intestine from the stomach, the droplet size
was found to increase. The stability of the Pickering emulsions dur-
ing intestinal digestion was dependent on the digestive behaviour
of the lipase [17,19]. The generation of surface-active free fatty
acids (FFAs) and mono-acylglycerols (MAG) at the interface
resulted in the coalescence of lipid droplets [21,39,48].

As the emulsion transcended from the stomach to intestine, the
pH of the environment was adjusted from acidic to neutral.[49]
The majority of the researchers in this field consider the key
intestinal players to in the generation of FFAs from the hydropho-
bic lipid core with colipase to be bile salts and lipase [50,51]. As
shown in Fig. 12B, Z-P exhibited the highest rate of FFA release
(57.37%) after intestinal digestion for 2 h. Although the desorption
energy of particles on the droplet surface was relatively large and
difficult to be replaced by surfactants, the bile salts in the small
intestine were still able to be adsorbed onto the interfacial gaps
between the particles [14,18]. The successful adsorption of the bile
salts at the interface facilitated the subsequent adsorption of

lipase/colipase onto the surface of lipid droplets. However, the
addition of Rha significantly (p < 0.05) reduced the FFA release rate
of the Pickering emulsion. This was mainly attributed to the fact
that Rha filled the remaining gaps between the particles, making
it difficult for bile salts to be adsorbed onto the interface, which
further inhibited lipid digestion. Fig. 12D showed the effect of TS
concentration on the FFA release of the Pickering emulsion during
intestinal digestion, whereby the addition of TS also inhibited the
release of FFAs from the emulsion, similar to the addition of Rha.
The main difference was that when Rha was added at an interme-
diate concentration (0.50%, w/v), the inhibition of lipolysis of the
Pickering emulsion was stronger than that at a lower (0.10%,
w/v) or higher (1.00%, w/v) concentration. However, the addition
of TS at a low concentration resulted in it hardly being fully
adsorbed by the gaps between ZPCPs, while the high concentration
of TS may have resulted in the partial competitive displacement of
particles, such that bile salts could be adsorbed onto the surface of
lipid droplets. A similar phenomenon was observed in the ZPCPs
and QS co-stabilized Pickering emulsion (Fig. 12F). Nevertheless,
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the FFA release rate of Z-P/0.50qs (10.76%) was higher than that of
Z-P[0.50ts (7.84%), indicating that the addition of TS at a level of
0.50% (w/v) into the Pickering emulsion had a better effect in
delaying fat digestion. Our findings indicated that the design of
O/W Pickering emulsions with a mixed particle/NSMS interface
could effectively reduce the extent of lipid digestion in the small
intestine, which could be applied in the development of novel fat
substitutes for the enhancement of satiety, as well as for the delay
of fat digestion.

4. Conclusion

In the present study, novel Pickering emulsions were fabricated
using composite particles and different NSMSs (Rha, TS, and QS).
The composite particles and NSMS were found to exhibit a syner-
getic behaviour in stabilizing the O/W emulsions. Among three
types of NSMS, QS exhibited the best emulsifying capacity and
reduced the interfacial tension more effectively than Rha and TS.
CLSM was used to demonstrate that the morphology of the dro-
plets changed from a spherical shape to a closely packed cell
wall-like structure at extremely low levels of NSMS (0.01% and
0.05%, w/v). At higher levels of NSMS, the interfacial pores and
inter-particle aggregation induced by competitive displacement
were observed by cryo-SEM. Furthermore, the adsorption of NSMS
onto the interface and the particle-NSMS interaction determined
the rheological properties of the emulsions. In vitro digestion fate
demonstrated that the particles and individual NSMSs at the inter-
mediate concentration (0.50%, w/v) exerted a synergistic effect on
inhibition of lipolysis during gastrointestinal digestion, highlight-
ing its potential application in the development of novel fat replac-
ers based on food colloids through interfacial design. Lastly, the
novel Pickering emulsions could be utilized as a food delivery sys-
tem to transport nutraceuticals and allow for their sustained
release, improving their bioavailability in vivo.
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