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A B S T R A C T

Oleogels were produced starting from Pickering emulsions, stabilized by octenyl succinic anhydride (OSA) modified high amylose (HS-OSA), waxy (WS-OSA), and
granular cold-water swelling starch (GCWS-OSA). GCWS-OSA had the highest degree of OSA substitution (DS) and contact angle with the oil-water interface, and the
smallest emulsion droplet size (0.0149, 80.4◦ , 12.58 μm), followed by WS-OSA (0.0098, 76.2◦ , 22.83 μm) and HS-OSA (0.0049, 73.3◦ , 31.50 μm). In small amplitude
oscillatory shear (SAOS), all template emulsions and oleogels had G’ > G’’ (tan δ ≤ 0.1) and behaved as soft viscoelastic solids. The highest G’ was observed for WSOSA and GCWS-OSA, which clearly produced a much stiffer material. In large amplitude oscillatory shear (LAOS), WS-OSA and GCWS-OSA oleogels showed a
progressive disruption of the microstructure, which resulted in an increase in viscous dissipation. At the highest strain of 20.5%, WS-OSA and GCWS-OSA were
showing completely plastic behavior, whereas the structure of the HS-OSA based oleogel still displayed significant residual elasticity, indicating only partial
disruption of the microstructure. WS-OSA and GCWS-OSA also had a much higher strain overshoot (Payne effect) in G”, then the sample based on HS-OSA. The higher
DS and granular structure of GCWS-OSA contributed to a more stable Pickering emulsion and stiffer oleogel.

1. Introduction
Oleogels can be formed in various ways such as solvent exchange
methods, templating with emulsions, and using self-assembling lipidbased oleogelaters (such as crystalline triglyceride, wax, fatty acid, and
fatty alcohol) (Patel & Dewettinck, 2016). For oleogels produced using
emulsions as a template, the emulsion system needs to be sufficiently
stable to avoid structural loss during solvent removal, so selecting a
suitable emulsifier is therefore a critical step in this process (Patel &
Dewettinck, 2016). With respect to emulsifier selection, most food
manufacturers are currently interested in replacing synthetic surfactants
and emulsifiers with natural food grade biopolymers (McClements, Bai,
& Chung, 2017).
In recent years, the interest in particle-stabilized emulsions is clearly
increasing, but relatively few of the particles used as Pickering stabi
lizers are food-grade and can be applied in food (Dickinson, 2010). The
particles most used for Pickering emulsions in food are starch, protein
aggregates or microgel particles, and polysaccharide-based particles
(Liu, Li, Chen, Xu, & Zhong, 2018). Among these, starch granules are
some of the most promising particles to use in foods. However, native
starch granules are not hydrophobic or surface active, and are larger
than most particulates studied as stabilizers for Pickering emulsions
(Yusoff & Murray, 2011). Modification with octenyl succinic anhydride

(OSA, e-number 1450) is commercially used to make starch more hy
drophobic. OSA-modification increases hydrophobicity of the starch and
is known to weaken internal bonding of the granules (Agama-Acevedo &
Bello-Perez, 2017).
Many studies have focused on how to improve emulsifying properties
of OSA starch. Unlike proteins, the steric repulsion between droplets
induced by OSA starch is not dependent on pH and ionic strength of the
medium, which make this starch applicable to a wider range of food
emulsions. The emulsifying properties of solid emulsifiers depend
mostly on surface characteristics, especially the balance between hy
drophobic and hydrophilic behavior (Linke & Drusch, 2017). The sur
face characteristics of starch can be modified by increasing the degree of
OSA substitution, either by using different types of starch (such as
quinoa, waxy maize, or arrow root) (Park, Olawuyi, & Lee, 2020) or
applying differently processed starches, such as non-solvent precipitated
or dissolved starch (Saari, Wahlgren, Rayner, Sjoo, & Matos, 2019). The
use of small starch granules and the reduction of starch granules to
nanoscale dimensions by hydrolysis, ultrasound or milling have also
been used to obtain better OSA functionality (Agama-Acevedo &
Bello-Perez, 2017). Ball milling has been shown to disrupt the crystalline
structure of starch, resulting in more exposure of –OH groups to OSA.
However, vigorous milling induced degradation of the starch structure
and decreased the reaction efficiency (Zhang, Zhao, & Xiong, 2010).
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Emulsions stabilized by OSA starch have previously been used as tem
plates for oleogel formation. Liu, Ding, et al. (2021) prepared oleogels
starting from a high internal phase emulsion (HIPE) stabilized by hy
drolyzed OSA starches, with different degrees of substitution (DS). A
higher DS gave lower interfacial tension, and better stabilization of the
HIPE template. However, some of the oleogels prepared from the tem
plate by water removal (oven drying) were relatively unstable.
OSA-modified granular cold water-swelling starch (GCWS-OSA), is a
modified pregelatinized OSA starch. It is prepared by heating a starch
slurry with alcohol, water-polyhydric alcohol, or an alcohol-alkali
mixture (Chen & Jane, 1994). GCWS has a highly amorphous struc
ture which can lead to higher exposure of its hydroxyl groups to OSA
during modification. Unlike other pregelatinized starches, GCWS-OSA
starch retains a granular state, so they can act as soft solid particles to
stabilize emulsions by the Pickering mechanism. Soft spherical particles
have been reported to undergo substantial flattening upon adsorption at
the oil-water interface. This can lead to a higher surface coverage and a
higher stiffness of the oil-water interface, resulting in droplets with
better stability (Berton-Carabin & Schroen, 2015).
In this study we used GCWS-OSA to prepare Pickering emulsions and
then used these as a template to structure edible liquid oils into solid-like
fats or oleogels. We compared the functionality of this starch to two
other OSA starches: high amylose (HS-OSA), waxy (WS-OSA). We
characterized the rheology of both the template and oleogels in the small
and large amplitude regime. The viscoelastic soft solid behavior of the
GCWS-OSA based oleogel resembled that of trans-fats (such as lard,
butter, or shortening) and hence could be used as replacers for these.

HCl in absolute ethanol. The starch was rinsed with 95% ethanol,
dehydrated with absolute ethanol, and air dried overnight. The starch
was sieved on a 100 mesh (149 μm) and stored in a tight plastic bag at
room temperature.

2. Materials and methods

2.4. Starch particle characterization

High amylose rice (Chainat 1 variety) and waxy rice (variety:
KorKhor-6 variety) were obtained from Watcharawan Green Farm
(Phayao, Thailand). The apparent amylose content of high amylose and
waxy rice starch was 36.7 ± 0.2% and 8.9 ± 0.2%, respectively. All
other chemicals used were of analytical grade.

2.4.1. Degree of substitution
Starch samples (2.5g, db) were wetted with a few drops of ethanol
prior to the addition of 0.1M HCl (25 mL), stirred for 30 min, and
centrifuged at 4000 rpm for 10 min. The precipitate was washed with
95% ethanol (25 mL), and washed twice with distilled water. The pre
cipitate was dispersed in distilled water (150 mL) and heated in a water
bath at 90 ◦ C for 10 min. The solution was rapidly cooled to 25 ◦ C using
an ice bath, and the suspension was titrated while stirring with 0.1M
NaOH until it reached pH 8.3. The volume of NaOH used was recorded
to calculate the degree of substitution (DS) according to Eq (1) (Song,
He, Ruan, & Chen, 2006).

2.3. OSA modification
Starch (100 g) was dispersed in distilled water (200 mL), and the pH
was adjusted to 7.4–7.8 using 1M NaOH. Subsequently, 4 portions of 3%
OSA (Trigon Chemie, Germany) were added to the starch suspension at
15 min intervals. OSA starches containing not more than 3% of octenyl
succinyl groups are allowed to be used as food additives according to
Commission Regulation (EU) No 1130/2011, E-number 1450 (Dapce
vic-Hadnađev, Hadnadev, Dokic, & Krstonosic, 2021). FDA and agencies
in many countries have also permitted OSA starch in foods at a level of
3%. Automatic titration with 1M NaOH was used to maintain a pH close
to 7.6, while stirring. The titration step was terminated once the pH was
stable for at least 15 min. The suspension was then centrifuged at 4000
rpm for 10 min and the supernatant was discarded. The precipitated
starch was washed twice with distilled water, washed again with citric
acid solution (pH 4.5–5), and distilled water. The starch was dried at
50 ◦ C for 2h (Saari, Rayner, & Wahlgren, 2019). All three starches were
modified using the same protocol and the resulting samples were
termed: OSA modified high amylose starch (HS-OSA), OSA modified
waxy starch (WS-OSA), and OSA modified granular cold water swelling
starch (GCWS-OSA).

2.1. Rice starch extraction
The milled rice grains (high amylose and waxy rice) were soaked in
water at ratio 1:3 for 4 h, ground with a super mass colloider (Aerosia
Interpac Co., Ltd, Thailand), and centrifuged by basket centrifuge
(Wasino Co., Ltd., Thailand). The rice cake was dried at 40 ◦ C until
moisture content was 10–12%, milled by rotor mill (Hosokawa Micron
Corp, Japan), sieved through a 100 mesh (Gilson company Inc, WI.,
USA.), and kept in a freezer (− 18 ◦ C).
Rice starch was extracted according to Subpuch, Huang, and
Suwannaporn (2016), by dispersing rice flour (100 g) in 5% NaCl (400
mL), stirring with an overhead stirrer for 2 h, and centrifuging at 4000 g
(Hettich, Germany) for 15 min. A volume of 95% ethanol (400 mL) was
added to the precipitate, and this was stirred for 2h, and centrifuged at
4000 rpm for 15 min. The precipitate was washed with 0.1 M NaOH
under continuous stirring for 15 h and left to settle for 10 h. The pre
cipitate was washed twice with distilled water, centrifuged at 4000 rpm
for 15 min, and neutralized with 1M HCl. The collected precipitate was
centrifuged and dried at 50 ◦ C for 2 h. The protein content of rice starch,
which was determined by the Kjeldahl method, was 0.15–0.21%.

DS =

0.162 x (A x M)/W
1 − (0.210 x (A x M)/W)

Eq (1)

Where A is the titration volume of NaOH, M is the molarity of the NaOH
solution, and W is the dry weight of OSA starch.
2.4.2. Particle size distribution of the starch
Starch (0.1g) was suspended in water (10 mL). The particle size
distribution and zetapotential of this starch suspension were determined
using a Modig, Nilsson, Bergenståhl, & Wahlund, 2006 (Malvern In
struments Ltd., Worcestershire, UK) and a Zetasizer Nano ZS (Malvern
Instruments, UK), respectively. The refractive index (RI) of starch and
water were taken as 1.54 and 1.33, respectively (Saari, Rayner, &
Wahlgren, 2019). All measurements were performed at least in triplicate
at 20 ◦ C.

2.2. Granular cold-water swelling starch preparation

2.4.3. Contact angle in the oil-water interface
The three-phase contact angle (θ) of starch samples was measured
using a sessile drop method (OCA25, Dataphysics Instrument, Germany)
(Yan et al., 2019). Starch powder was pressed into a thin tablet (13 mm
diameter, 2 mm thickness) and was submersed in an oil bath of the
OCA25 platform. Deionized water (2 μL) was dropped onto the tablet
surface using a syringe. The water droplet shape was captured by a
high-speed camera, and the contact angle was calculated using the
LaPlace-Young equation by the OCA25 software.

Granular cold-water swelling starch (GCWS) was prepared using the
alcoholic-alkaline method (Chen & Jane, 1994). Native waxy rice starch
(10 g) was suspended in absolute ethanol (70 g) and mixed in a water
bath until the temperature reached 35 ◦ C. Then 3M NaOH (20 g) was
slowly added, followed by 80% ethanol (10 g): this was stirred for 15
min, and filtered using a Büchner filter. The collected starch was mixed
with 80% ethanol (10 g), stirred for 10 min, and neutralized with 3M
2
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2.5. Emulsion preparation and characterization

Table 1
Contact angle, degree of substitution, and average particle size of native and
OSA starch.

HS-OSA, WS-OSA, and GCWS-OSA were used at a concentration of
200 mg of starch per mL of oil (or 120 mg/mL overall, based on 60% oil).
A coarse O/W emulsion was prepared using 60% medium-chain tri
glyceride (MCT) oil, by mixing with a high-speed homogenizer (IKA
Ultra-Turrax T25 homogenizer, Wiggens, Germany) at 13500 rpm, for 2
min. MCT was used to avoid emulsifying effects from surface-active
components often present in natural oil, which could affect the emul
sifying properties of the OSA starch. The coarse emulsion was then
passed through a high-pressure homogenizer (HU-3.0, Delta Instruments
lab homogenizer, Taipei, Taiwan) at 100 bar for 10 passes. Sodium azide
(0.02%) was added as a preservative. These emulsions were character
ized as follows:

ηL − ηM
η′L

′

′

–
0.0049 ±
0.0006c
0.0098 ±
0.0011b
0.0149 ±
0.0010a

50.60 ± 2.42a
54.97 ± 1.72b
73.33 ± 2.51c

4.23 ± 0.01b
4.11 ± 0.01a
4.35 ± 0.01c

76.23 ± 2.90d

4.49 ± 0.03d

80.43 ± 2.67e

5.28 ± 0.06e

Here, GL is the elastic modulus at maximum intra-cycle strain, GM is the
elastic modulus at minimum strain (the slope of the Lissajous plot at zero
′
′
strain), ηL is the viscosity at maximum shear rate, and ηM is the viscosity
at minimum shear rate
′

′

2.6. Oleogel formation and characterization
Oleogels were prepared using Pickering emulsions as a template,
which were lyophilized using freeze dryer (Salmenkipp, Breukelen,
Netherlands) for 72h. For practical applications, freeze drying is not the
most convenient choice, since commercially it can only be applied on
small scales. We chose to use it here because oven drying tended to
destabilize the template emulsions and the resulting oleogels displayed
significant oiling-off. For future commercial applications alternative
drying methods, such as vacuum drying could be explored. The rheo
logical properties of the oleogels were again measured using a stresscontrolled rheometer (MCR302, Anton Paar, Graz, Austria) using the
same protocol as described in section 2.5.3.
2.7. Statistic analysis
Data was analyzed using analysis of variance (ANOVA) and Duncan’s
Multiple Range Test to determine differences among means at a signif
icance level of 0.05 (IBM SPSS Statistics for Windows, Version 28.0, IBM
Corp., NY, USA). All experiments and measurements were run in
triplicate.
3. Result and discussion
3.1. Characterization of OSA starch
The lipophilic octenyl succinic group of OSA was esterified with
starch to increase hydrophobicity of the starches. The starch granules of
GCWS-OSA were clearly swollen, as indicated by the larger number
averaged particle size (D10) compared to the native WS it was prepared
from. In this study, D[1,0] was used to compare samples because of the
wide size distribution of the starch granules. The larger particles in the
distribution dominate the scattering and obscure the presence of smaller
granules, which are actually more likely to end up at the oil-water
interface of the emulsion. The swollen granule of GCWS resulted in a
highly amorphous structure which allowed its hydroxyl groups to be
more exposed to OSA and promoted substitution efficiency. The average
diameter increased with increasing DS. Results in Table 1 showed that
GCWS-OSA had the highest DS (0.0149) followed by WS-OSA (0.0098)
and HS-OSA (0.0049). The wettability of the particles by the oil and
water phase was measured to evaluate the potential of the particles to
stabilize Pickering emulsions. The contact angle (θ) of OSA starch
(73.3◦ –80.4◦ ) with the oil-water interface was significantly increased
from native starch (50.6◦ –55.0◦ ), which indicated an increase in surface
hydrophobicity (Table 1). The highest contact angle was found in

2.5.3.2. Large amplitude oscillatory shear (LAOS). The nonlinear visco
elastic properties were determined using LAOS measurements. Ampli
tude sweep tests were applied with strains ranging from 0.01 to 100%, at
constant angular frequency (ω) of 1 rad/s, at 20 ◦ C. The intra-cycle
nonlinear stress response of the emulsions was evaluated by Lissajous
plots. The intra-cycle behavior was quantified by calculating the strain
stiffening factor (S) and shear thickening factor (T), as defined in Eq (2)
and Eq (3) (Ewoldt, Hosoi, & McKinley, 2008).

T=

Native HS
Native WS
HS-OSA

mean ± SD; different lowercase superscripts within the same column indicate
a significant difference between samples (p ≤ 0.05).

2.5.3.1. Small amplitude oscillatory shear (SAOS). The linear visco
elastic (LVE) properties were determined using SAOS measurements.
Frequency sweep tests were applied with angular frequency (ω) ranging
from 0.1 to 150 rad/s, at a constant shear strain of 1.0%. This was fol
lowed by an amplitude sweep test to determine the extent of the LVE
region, using shear strains (γ) ranging from 0.01 to 100% (ramp loga
rithmic mode), at a constant angular frequency (ω) at 1 rad/s, at 20 ◦ C.

′

Number averaged particle size
(D10)

a-d

2.5.3. Rheological properties
Rheological properties of the emulsions were investigated using a
stress-controlled rheometer (MCR302, Anton Paar, Graz, Austria) with a
50 mm diameter stainless-steel parallel plate geometry, and 1 mm gap
size. Emulsions (2 mL) were placed between the plates and allowed to
equilibrate for 15 min at 20 ± 0.1 ◦ C (controlled with a Peltier element)
before analysis. The method was slightly modified from Pre
cha-Atsawanan, Uttapap, and Sagis (2018). All samples were measured
in triplicate.

′

Contact angle
(◦ )

GCWSOSA

2.5.2. Microstructure
The emulsions were visualized using light microscopy (ZeissAx
ioskop 2 plus, Jena, Germany) at 40 x magnification and confocal laser
scanning microscopy (Zeiss 510, Jena, Germany). The samples were
dyed with 1 mg/mL Nile Red (CAS No. 7385-67-3, Sigma-Aldrich, St.
Louis, MO) dissolved in isopropyl alcohol, and 1 mg/mL Nile Blue (CAS
No. 3625-57-8, Sigma-Aldrich, St. Louis, MO) dissolved in MilliQ water,
for straining the oil phase and starch granules, respectively. The fluo
rescent dyes were excited by a He/Ne laser at 633 nm for Nile blue and
an argon laser at 488 nm for Nile red (Ge et al., 2017). All emulsions
were diluted five times with MilliQ water prior dropping on cover slide.

GL − GM
′
GL

DS

WS-OSA

2.5.1. Droplet size distribution
The droplet size distribution was determined using a Modig et al.,
2006 (Malvern Instruments Ltd., Worcestershire, UK). The refractive
index (RI) of MCT oil was taken as 1.46 and for water we again used a
value of 1.33.

S=

Sample

(2)
(3)
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Fig. 1. The appearance and particle size distribution of Pickering emulsions stabilized by starch-based particles.

GCWS-OSA (80.4◦ ), followed by WS-OSA (76.2◦ ), and HS-OSA (73.3◦ ).
Particles with a contact angle close to 90◦ are optimal for the fabrication
of stable Pickering emulsions (Berton-Carabin & Schroen, 2015), since
at that angle the desorption energy of the particles is at a maximum.

particles were obviously seen to be attached at the oil-water interface of
the oil droplets (Fig. 2). For all emulsions the confocal images show that
the interfaces are covered by a layer of starch particles, but some larger
structures appear to have attached as well.

3.2. Particle size distribution and microstructure of pickering emulsion

3.3. Rheological properties of pickering emulsion stabilized by starchbased particles

Pickering emulsion of GCWS-OSA had the smallest droplet size with
a Sauter mean diameter (D32) of 12.58 μm, followed by WS-OSA (22.83
μm) and HS-OSA (31.50 μm) (Fig. 1). The particle size distributions of all
emulsions exhibited multiple peaks. For GCWS-OSA, the distribution
displayed a main peak with its maximum slightly above 10 μm, and a
small shoulder close to 200 μm. The latter is most likely a small number
of clusters of droplets, possibly caused by bridging flocculation induced
by the starch particles. HS-OSA had its main peak just above 100 μm,
with a small shoulder to the left at around 10 μm. This latter peak is most
likely from non-adsorbed starch granules. For WS-OSA the main peak is
just below 100 μm, with a shoulder to the left, again around 10 μm. The
latter could again be from the starch particles, or indicate this emulsion
is less stable then the other two and undergoing slow flocculation/
recoalescence.
In terms of DS of the starches, the main particle size peak shifted
progressively in the direction of smaller droplet size as DS increased.
This was also observed by Li et al. (2019), for Pickering emulsions sta
bilized with OSA modified granular quinoa starch, and Yu, Jiang, Zheng,
Cao, and Pan (2019), for emulsions stabilized with OSA modified taro
starches. Results for the contact angle and droplet size correlated well
with DS, since the higher DS and therefore higher wettability for the
oil-water interface resulted in smaller droplet size. The increase in DS,
could have resulted in increased surface coverage and this favors the
formation of stable Pickering emulsions with smaller droplet sizes
(Bello-Pérez, Bello-Flores, Nuñez-Santiago, Coronel-Aguilera, &
Alvarez-Ramirez, 2015). In view of the droplet size versus the size of the
starch particles, we expect that for GCWS-OSA only the smallest parti
cles in the distribution (~1 μm or less) will be adsorbed onto the
interface.
The microstructure of the Pickering emulsions was imaged using
light microscopy and confocal laser scanning microscopy, as shown in
Fig. 2. Nile red was used to stain the oil phase and is coded as a red color.
Nile blue was used as a fluorescent marker for the starch granules, which
was coded as a yellow color in the images. In the superimposed images
areas where both starch and oil are present appear as orange. Starch

3.3.1. Small amplitude oscillatory shear (SAOS)
To determine the linear viscoelastic properties of the Pickering
emulsion and the extent of the linear regime, the storage (G′ ) and loss
(G′′ ) modulus were measured as a function of (1) frequency (ω =
0.1–150 rad/s) at constant shear strain (1%) (Fig. 3) and (2) amplitude
(γ = 0.01–100%) at fixed angular frequency (1 rad/s) (Fig. 3). The
amplitude in the frequency sweep was small enough to give a stress
response in the linear regime. For all emulsions, the maximum linear
strain was around 1%, and G′ in the linear regime was about 100 Pa. All
samples had G′ higher than G′′ over the entire range and showed a weak
power law dependence of G’ (~ωn), typical for a disordered solid (i.e. a
gel or a jammed system). The loss tangent of all emulsions was in the
order of 0.1 which means they all behaved as soft viscoelastic solids at
the specified frequency. The values for G′ and G” were somewhat lower
than the ones used by Liu, Ding, et al. (2021), who used hydrolyzed OSA
starches to stabilize their emulsions. The difference is most likely caused
by the higher volume fraction they used (75% versus the 60% we used).
Lu, Wang, Li, and Huang (2018) used milled maize starch particles, with
different amylose/amylopectin ratio to produce 50% oil-in-water
emulsions. For their high amylose-based emulsion they find G’ values
similar to those of our emulsions.
3.3.2. Large amplitude oscillatory shear (LAOS)
In practice, food products are often subjected to large and rapid
deformation during processing, and the response to these is typically in
the non-linear regime. At strains over 1%, G′ decreased rapidly for all
emulsions as the microstructure was gradually and progressively dis
rupted, until the flow point was reached, where G′ equaled G’’ (Liu,
Chen, Bie, Xie & Zheng, 2021). The systems stabilized by HS-OSA and
WS-OSA showed a weak strain overshoot in G”, which is often referred
to as the Payne effect or type III nonlinear behavior. Type III behavior is
a common feature in soft disordered materials such as concentrated
emulsions (Bower, Gallegos, Mackley, & Madiedo, 1999; Mason, Bib
ette, & Weitz, 1995). The overshoot in G′′ is caused by the balance
4
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Fig. 2. Light microscopy images (40x) of Pickering emulsions stabilized by starch-based particles from (A) HS-OSA (B) WS-OSA (C) GCWS-OSA; CLSM images of
Pickering emulsions stabilized by OSA starch at 60% oil volume fraction: (D) HS-OSA, (E) WS-OSA, (F) GCWS-OSA. Yellow shows the starch stained with Nile blue,
red indicates the oil phase stained with Nile Red, and in the superimposed image areas where both are present appear as orange. Magnitude of the scale bars is
indicated in each image. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

between formation and destruction of network links. It is thought to be
related to the rearrangement of unstable clusters during shearing,
resulting in increased viscous dissipation (Raghavan & Khan, 1995).
The overshoot was absent in the GCWS-OSA stabilized emulsion,
which indicated a type I nonlinear behavior, in which both the elastic
and viscous moduli decreased continuously with increasing amplitude

(Hyun et al., 2011). The viscoelastic moduli (G′ and G′′ ) are based only
on the first harmonic contribution to the total stress, and to gain more
structural insight in the behavior beyond linear viscoelasticity, we
analyzed the response in the nonlinear regime using Lissajous plots
(Fig. 4). At 1.18% and 5.77% strain, all emulsions had Lissajous plots
with an elliptical shape, which indicated linear viscoelastic behavior.
5
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Fig. 3. Small amplitude oscillatory shear test at 20 ◦ C; frequency sweep test (ω = 0.1–150 rad/s) (left column) and amplitude sweep test (γ = 0.01–100%) of
Pickering emulsions stabilized by starch-based particles of (A, B) HS-OSA, (C, D) WS-OSA, (E, F) GCWS-OSA.

The plots gradually changed from an ellipse to a more rhomboidal shape
when higher strain was imposed. At 14.9% strain, the emulsion stabi
lized by HS-OSA had the narrowest loop and showed a minor degree of
strain hardening towards maximum intra-cycle deformation (evident
from the slight up/down swing in the loop at those points). At 38.8% and
100% strain, the WS-OSA and GCWS-OSA had a near rhomboidal shape
indicated a higher degree of plastic behavior than the HS-OSA emul
sions. The slope of the curve for the elastic contribution to the total stress
(the dashed lines within the loop) was close to zero around minimum
strain, indicated a significant degree of disruption of the microstructure.
Whereas the wider loop of the total stress indicated a relatively higher
degree of dissipation (Fig. 4.1).

To investigate the viscous contribution to the total stress in more
detail, intra-cycle plots of shear stress versus shear rate were plotted in
Fig. 4.2 All emulsions showed a gradual transition from a near circular
plot (predominantly elastic behavior) to a sigmoidal shape, indicative of
shear thinning behavior, and resulting from a gradual disruption of the
structure of the emulsions. Consistent with the strain loops, the HS-OSA
had the widest loop at the highest strain, again indicating there is
relatively more residual elasticity in that sample.
The shear stiffening (S factor) and the shear thickening (T factor)
were calculated according to Eq (2) and Eq (3) (see Supplementary In
formation, Fig. S1). All emulsions showed shear thickening behavior
prior to the onset of thinning, as indicated by the increase in the T factor
6
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Fig. 4. Normalized Lissajous curves of (1) shear stress (Pa) versus shear strain (%) and (2) shear stress (Pa) versus shear rate (1/s) at shear strain 1.18%, 5.77%,
14.9%, 38.8% and 100% at 20 ◦ C of Pickering emulsion stabilized by starch-based particles of (A) HS-OSA (B) WS-OSA (C) GCWS-OSA. Note: Solid curve was the
total stress, the dashed interior curve denoted the contribution of the elastic stress to the total stress.

up to a shear rate of about 0.1/sec which corresponded to a strain
amplitude of about 10%, and coincided with the location of the weak
strain overshoot in the plot for G”. The overshoot of GCWS-OSA was not
visible in the strain sweep, which showed only strain thinning (Type I)
behavior (Fig. 3). Again, we need to consider the fact that the moduli in
Fig. 3 are based on a first harmonic analysis, and the nonlinear effects
present in the higher harmonics are not accounted for in this calculation.
The modulus at minimum strain (G’M) and at large strain (G’L) where
nearly equal up to a strain of a 1–2%, and as a result the S factor was zero
at these strains (Fig. S1). At higher strains S gradually increased. This is
mostly apparent strain hardening, which results from the plastic
behavior at high strains, as evident from the rhomboidal shape of the

plots. For these plots G’M is near zero, while G’L has a finite value, which
results in S ≈ 1. The overall behavior at large strains is shear thinning,
which is clearly visible in the shear rate plots (Fig. 4.2) and the T-factor.
The degree of dissipation was quantitatively compared by calcu
lating the dissipation ratio, which is defined by the ratio of the area of a
single Lissajous cycle divided by the dissipation energy of a perfectly
plastic material at the same strain and maximum stress (i.e φ =
πG′′γ0 /(4σ max )). The dissipation ratio was plotted in Fig. S2 (see SI), the
value range was from 0 to 1, where a value of 1 implies perfectly plastic
behavior. All emulsions had small dissipation ratios at low strain, which
significantly increased after about 10% strain. The emulsions stabilized
by GCWS-OSA had the highest initial dissipation ratio, of around 0.1. In
7
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Fig. 5. The (1) frequency sweep test (ω = 0.1–150 rad/s) and (2) amplitude sweep test (γ = 0.01–100%) at 20 ◦ C of oleogels prepared using Pickering emulsions
stabilized by starch-based particles from (A) HS-OSA, (B) WS-OSA, (C) GCWS-OSA; D) Photographs of the freeze dried oleogels from HS-OSA, WS-OSA, and
GCWS-OSA.
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Fig. 6. Normalized Lissajous curves of (1) shear stress (Pa) versus shear strain (%), (2) shear stress (Pa) versus shear rate (1/s) at 20 ◦ C of oleogels prepared from
Pickering emulsions stabilized by starch-based particles from (A) HS-OSA, (B) WS-OSA, and (C) GCWS-OSA at shear strain 0.0241%, 0.261%, 0.857%, 1.9%,
and 20.5%.

combination with the results in Fig. 3, we see that these emulsions are
slightly less stiff and relatively more viscous in their response. But in
contrast to the WS-OSA emulsion they are significantly less disrupted at
a 100% strain. The HS-OSA emulsions start to be disrupted well below
1% deformation and appear to be somewhat more brittle than the other
two emulsions.

(Fig. 5D). All oleogels had G′ greater than G” (tan δ ≤ 0.1), and both
moduli were almost independent of frequency in the range from 0.1 to
150 rad/s, indicating all oleogels behaved as viscoelastic gels (Luo et al.,
2019; Patel, Cludts, Sintang, Lesaffer, & Dewettinck, 2014). All oleogels
had lower maximum linear strain (~0.1%) and were considerably stiffer
than their respective template emulsions. According to the strain sweep
tests, the highest gel strength was observed in WS-OSA and GCWS-OSA
oleogels. The G’ of oleogels from WS-OSA and GCWS-OSA was about 10
times higher (~105 Pa) than the gels based on HS-OSA (~104 Pa).
WS-OSA and GCWS-OSA oleogels had a crossover point at about 1%
which indicated a stiffer and more brittle material than the gels made

3.4. Rheological properties of oleogels
3.4.1. Small amplitude oscillatory shear (SAOS)
All starch based oleogels had similar appearance with no oil leakage
9
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Fig. 7. Dissipation ratio of oleogel using Pickering emulsions stabilized by starch-based particles of HS-OSA, WS-OSA, and GCWS-OSA.

with HS_OSA. The latter had a crossover point at a strain (~10%),
indicative of a softer and more stretchable material. All oleogels had a
pronounced overshoot in G” and exhibited type III nonlinear behavior
(Figs. 5.2A–2C).

shown in Fig. 6.2. At low strain, all oleogels had wide elliptical shapes
indicating a dominant elastic contribution to the total stress. For HS-OSA
oleogel, this shape persisted until a strain of 1.9%, and became a
sigmoidal shape after that. For WS-OSA and GCWS-OSA oleogels, the
curves transition to a rhomboidal shape at 1.9% strain, indicated a
partial yielding of the gel structure, and an increase in viscous dissipa
tion. At the highest strain, the curves transition to a very narrow S-shape
with sharp edges, indicated strong shear thinning behavior.
The S factor was near zero for most of the applied strain range and
started to increase to positive value at strain about 0.1% (Fig. S3). The
positive S factor suggested strain hardening, but again this is clearly
apparent strain hardening in WS-OSA and GCWS-OSA oleogels, as
apparent from the near zero slope of the stress curve at strain zero. At
larger strain, the viscous contribution was dominant, and the overall
behavior was strain softening. The T factor showed an increasing posi
tive value at small strain (0.01/s), consistent with the overshoot in G”.
Beyond this point, the T factor decreased, indicated a progressive
disruption of the structure. Beyond a shear rate of about 0.1/s and shear
strain of about 50%, the signal became noisy and was no longer reliable.
The energy dissipation ratio was again calculated (Fig. 7). At low
strain (up to 0.1% strain), all oleogels had dissipation ratio below 0.1,
which significantly increased to more plastic behavior after about 1%
strain (Fig. 7). At the maximum strain WS-OSA and GCWS-OSA levelled
off at a ratio of close to 1, indicating almost perfectly plastic behavior.
HS-OSA retained relatively more of its elasticity, with a value of the
dissipation ratio at maximum strain just below 0.8.

3.4.2. Large amplitude oscillatory shear (LAOS)
Elastic and viscous Lissajous curves were constructed by plotting the
intracycle shear stress as a function of the applied shear strain and shear
rate (Fig. 6). At lower shear strain (0.024 and 0.261%), all oleogels
exhibited a near linear viscoelastic solid-like behavior. At increased
strain (0.857 and 1.900%), the Lissajous plot of WS-OSA and GCWS-OSA
oleogels started to deviate from an ellipsoidal shape to a wider elliptical
shape indicated a progressive disruption of the microstructure which
resulted in an increase in viscous dissipation and a gradual shift from a
predominantly elastic to a more viscous dominated behavior. But the
HS-OSA oleogel was still displaying a near linear viscoelastic solid-like
behavior (Fig. 6.1). The slope of the elastic contribution to the total
stress (dashed line) did not decrease to zero, as it did for WS-OSA and
GCWS-OSA at 1.9% strain, and this indicated that its structure did not
undergo any considerable degree of disruption. At the highest strain of
20.5%, the Lissajous plots of WS-OSA and GCWS-OSA were rectangular
showing perfect plastic behavior (i.e. φ = 1). The dashed curve in the
cycle for HS-OSA still had a finite slope, indicating there was still re
sidual elasticity in the material, and its network structure had not yet
been completely disrupted.
The normalized Lissajous curves of shear stress versus shear rate are
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Of the three tested starch types, GCWS-OSA had the highest degree of
OSA substitution, and the template Pickering emulsion stabilized by this
starch, had the smallest average droplet size. The rheological properties
of the template emulsions showed significant differences: In the linear
viscoelastic regime we observed that the values of G’ of WS-OSA > HSOSA > GCWS-OSA. The emulsions also had different strain overshoots in
G” in the same order. In the nonlinear regime, HS-OSA had a higher
residual elasticity at maximum strain, but also was more brittle, in the
sense that it had the lowest maximum linear strain. The differences in
these results may be caused by the hardness of the starch particles:
GCWS-OSA particles tends to be softer than the other two, and this may
lead to more easily deformable interfaces of the droplets.
For the oleogels we observed that G′ was substantially higher than
the G’ of the template emulsions, and that this modulus decreased in the
order GCWS-OSA ~ WS-OSA ≫ HS-OSA. GCWS-OSA and WS-OSA also
had the most pronounced overshoot in G”. Just like for the template
emulsions HS-OSA had the highest residual elasticity at maximum
applied strain (20.5%). It was interesting to see that the template
emulsion with the lowest stiffness (GCWS-OSA) gave the strongest
oleogel. After removal of the water phase, the remaining particle
network provides the stiffness of the gels. It may be that the smaller
droplet size of the GCWS-OSA template emulsion led to a more homo
geneous network, with higher stiffness.
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