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A B S T R A C T   

70% (v/v) concentrated emulsion has been prepared using Ca2+-cross-linked sodium caseinate particles (Ca-CAS) 
or Ca-CAS coated nano-sized primary emulsion droplets as emulsifiers. The primary droplet-stabilised emulsion 
(DSE) was compared with the conventional Ca-CAS stabilised-emulsion (PSE) in terms of viscoelasticity as 
affected by aging (30 days) and heating (80 ◦C, 30 min) at pH 5.8 and 7.0. DSE at pH 5.8 showed the highest 
complex modulus (G* = 1174 ± 39 Pa), approximately was six-times higher than other emulsions (G* ≤ ~250 
Pa) due to the thick emulsifier layer consisting of primary droplet increasing the effective volume faction of core 
droplets by a factor of ~1.21. After aging, G* of DSE at pH 5.8 increased to 1685 ± 68 Pa, while G* of other three 
emulsions were ~400 Pa. After heating, G* of DSE reached 1801 ± 69 Pa and 1312 ± 205 Pa at pH 5.8 and pH 
7.0, respectively, while G* of PSE were ~600 Pa at both pHs. The possible mechanism for aging-induced gelation 
was the gravity-driven microphase separation, in which the droplets flocculate together with the entrapped 
aqueous phase increasing the effective volume fraction. The heat-induced gelation was attributed to the increase 
in droplet interactions through protein aggregates and/or primary droplets forming three-dimensional networks 
at elevated temperature. This study suggests that the mechanical strength of food-grade concentrated emulsions 
can be effectively improved using nano-sized primary emulsions as emulsifying agent and can be further 
modulated by aging or heating, which will be useful for developing semi-solid emulsion-based products.   

1. Introduction 

Oil-in-water (O/W) emulsion is a mixture of two immiscible liquid 
phases, with one oil phase dispersed as droplets in another aqueous 
continuous phase. When the volume fraction of the disperse phase (φ) is 
high, the droplets are packed very closely, conferring the emulsion a 
yield-stress and viscoelastic properties. Typically, they appear to flow at 
high shear rates but solidify at low shear rates, exhibiting high stability 
with a self-supporting texture (Li et al., 2020). Owing to the unique 
gel-like rheological properties, special texture and long-term stability, 
concentrated emulsions have attracted increasing attention from both 
academic research and industry (Li et al., 2018; Patel & Dewettinck, 
2016). The advantages of concentrated emulsion rely on their adjustable 
viscoelastic properties (Tan et al., 2020; Wang et al., 2016). Many 
studies have indicated that the rheological properties of concentrated 
emulsion depend on φ (Hemar & Horne, 2000; Lacasse et al., 1996; 
Mason et al., 1996; Princen & Kiss, 1986), droplet size distribution 

(Desmond & Weeks, 2014; Foudazi et al., 2012; Pal, 1996), droplet 
coalescence and aggregation state (Berli, 2007; Chuang et al., 2020; 
Zhang et al., 2021), as well as continuous phase viscosity (Ger
emias-Andrade et al., 2017; Zhu et al., 2019). These factors can be 
manipulated prior to emulsification by adjusting different parameters 
such as emulsifiers, oil fraction, pH, ionic strength, additives, etc., to 
obtain a concentrated emulsion with desirable processibility, physico
chemical and functional properties. For instance, a reduced disperse 
phase volume fraction of emulsion could be designed to have the same 
rheological properties than that made with a higher disperse phase 
volume fraction. 

The viscoelasticity of concentrated emulsions could change over 
long-term storage, due to droplets coalescence (Chuang et al., 2020; 
Dimitrova & Leal-Calderon, 2004; Hu et al., 2016). To improve the 
long-term stability towards coalescence of concentrated emulsions, 
strategies using large amount of surfactants (e.g., Tweens and Spans) 
(Barbetta & Cameron, 2004; Cameron & Sherrington, 1996; Wijaya 
et al., 2017) or colloidal particles (e.g., silica particles) (Abdullah et al., 
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2020; Zheng et al., 2014) are often employed. It is well established that 
emulsions stabilised by colloidal particles often possess better stability 
to droplet coalescence than those stabilised by surfactants through 
Pickering mechanism (Binks, 2002). Therefore, the application of 
food-grade particles (e.g., starch, cellulose, chitin, proteins, and poly
saccharides) has attracted increased interest in the manufacture of 
edible concentrated emulsion-based products (Huang et al., 2019; Zhang 
et al., 2021; Zhu et al., 2019). However, a low viscoelasticity of about 
10–500 Pa at 1 Hz has been usually reported for Pickering concentrated 
emulsions (φ > 0.75) that are stabilised by food-grade particles, such as 
gliadin-based particles (Zeng et al., 2017), zein-based particles (Jiang 
et al., 2019), whey protein microgel (Su et al., 2018), and pH-modified 
casein particles (Guo et al., 2021). 

Recently, several studies have been carried out to improve the me
chanical strength of concentrated emulsions through modifying the 
interfacial structure by increasing the size of the particles and improving 
the amount of the adsorbed particles at the interface (Guo et al., 2021; 
Yan et al., 2019). For example, concentrated emulsions stabilised with 
OSA starch/chitosan complex particles showed the highest viscoelas
ticity at pH 6 as compared to emulsions formed at pH below 6. At pH 6, 
the OSA starch/chitosan particle had a large size and formed a thick 
interfacial layer at the droplet surfaces, which promote the formation of 
a percolation network structure in the emulsion (Yan et al., 2019). 
Similar results have been found in zein/pectin hybrid particle 
(ZPHP)-stabilised Pickering emulsions (Zhou et al., 2018). A 
well-ordered interfacial layer of the droplet formed with ZPHP at pH 3.0 
led to high interfacial coverage and a better stability and higher visco
elasticity compared to emulsions formed at higher pH. It has been sug
gested that the protective well-ordered and thick interfacial layer 
contribute to the formation of a percolating network of droplets and thus 
to the viscoelastic properties of concentrated emulsions (Yan et al., 
2019; Zhou et al., 2018). This type of interfacial layer has been previ
ously observed in dilute emulsion (φ = 0.2) formed with small primary 
droplets as emulsifying agent (Cheng et al., 2019; Ye et al., 2013). 
Emulsion droplets has also been used to strength the adsorbed protein 
layer at the air bubble surface and enhanced stability of air bubble 
against to coalescence (Murray et al., 2009). This leads one to 
hypothesise that the viscoelasticity of the concentrated emulsion will be 
improved by the formation of a thick interfacial layer consisting of small 
primary droplets. 

The aim of this study was therefore to develop an oil-in-water 
concentrated emulsion (70% v/v) stabilised by primary droplets 
coated with calcium cross-linked caseinate particles (Ca-CAS) with 
different interfacial structures. The concentrated emulsions stabilised by 
Ca-CAS coated primary droplets were compared to emulsions solely 
stabilised by Ca-CAS in terms of their rheological properties at 
controlled compositions (e.g., same oil volume fraction and protein 
concentration). The effects of aging (30 days) and heating (80 ◦C, 30 
min) on the rheological properties were also investigated. The rheo
logical measurements were supported with droplet size measurements 
and confocal laser scanning microscopy observation. 

2. Materials and methods 

2.1. Materials 

Sodium caseinate (Alanate 180: 92.7% w/w protein, 4.3% w/w 
moisture, 0.7% w/w fat and 0.2% w/w carbohydrate) was purchased 
from Fonterra Co-operative Group Ltd. (Auckland, New Zealand). Soy
bean oil was purchased from Davis Trading Company, Palmerston 
North, New Zealand. Milli-Q water (Millipore Corp., Bedford, MA, USA) 
was used for all experiments. All chemicals used were of analytical grade 
and were purchased from Sigma-Aldrich (St. Louis, MO, USA) or BDH 
Chemicals (BDH Ltd., Pooles, England) unless otherwise specified. 

2.2. Preparation of calcium cross-linked caseinate particles 

Stock sodium caseinate (CAS) dispersion with protein concentration 
of 3.1 w/v% was prepared by dissolving sodium caseinate powder in 
ultrapure Milli-Q water (18.2 MΩ) at 50 ◦C and stirring for 2 h, followed 
by overnight storage at the room temperature to ensure complete hy
dration. The pH of this sodium caseinate dispersion was 6.90 ± 0.2. The 
Ca-CAS dispersion was prepared by adding an appropriate amount of 
stock CaCl2 solution (1 M, 0.22 μm filtration) dropwise to the stock CAS 
dispersion under mild stirring, equilibrating at room temperature for 
half-hour, and then adjusting the pH to 7.00 ± 0.05 using 2 M NaOH or 
2 M HCl and equilibrating at room temperature overnight. The final Ca- 
CAS dispersion contains 3.0% w/v protein and 20 mM CaCl2, which is 
close to the concentration of protein and colloidal calcium found in 
casein micelles (Williams et al., 2005). Sodium azide was added at a 
final concentration of 0.04% (w/w) as a preservative. 

2.3. Emulsion preparations 

2.3.1. Concentrated droplet-stabilised emulsion preparations 
Nano-sized primary emulsion was firstly prepared as the emulsifying 

agent for the droplet-stabilised emulsion. Ca-CAS dispersion (3.00 w/v 
% protein, 20.00 mM CaCl2, pH 7.0) was mixed with soybean oil, giving 
20 v/v % soy oil of the final primary emulsion. The mixture was pre
homogenized using a handheld Ultra-Turrax (IKA T10 basic, Staufen, 
Germany) at 30,000 rev min− 1 for 30 s, then passes through a two-stage 
homogenisation (Homolab 2, FBF Italia, Italy) at pressures of 47 MPa 
(first stage)/5 MPa (second stage), resulting in a primary emulsion. The 
outlet temperature of the two-stage homogeniser was controlled by 
using an ice bath to avoid the heating from the high-pressure homoge
nisation. The pH of the primary emulsion is the same as the pH of its 
aqueous phase. 

Primary emulsions were subsequently used as the aqueous phase to 
mix with the secondary oil phase (soybean oil) in volume ratio of 6:10 to 
prepare 16 mL of droplet-stabilised emulsion (DSE). In the final emul
sion, the total oil volume fraction reached to 70 v/v %, in which the 
primary emulsion contributed 7.5 v/v % and the secondary oil phase 
contributed 62.5 v/v %. The secondary oil phase was added dropwise to 
the primary emulsion. Prior to adding the secondary oil phase, the pH of 
the primary emulsion was checked as 7.00 ± 0.05 and adjusted to pH 
5.80 ± 0.05 for the acidic emulsion using 2 M HCl under mild magnetic 
stirring. Homogenisation of the concentrated DSE was performed using a 
handheld Ultra-Turrax (IKA T10 basic, Staufen, Germany) at 10,000 rev 
min− 1 for 5 min. Sodium azide was added at a final concentration of 
0.04 wt% as a preservative. Emulsions were prepared in duplicate for 
each pH value. 

2.3.2. Concentrated CAS particle-stabilised emulsion preparation 
Ca-CAS dispersion (3.00 w/v % protein, 20.00 mM CaCl2, pH 7.0) 

mixed with soybean oil in ratio of 3:7 to prepare the 16 mL of high 
concentrated Ca-CAS particle-stabilised emulsion (PSE). Prior to adding 
the oil phase, the pH of the Ca-CAS dispersion was checked as 7.00 ±
0.05 or adjusted to pH 5.80 ± 0.05 for the acidic emulsion using 2 M HCl 

Abbreviations 

Ca-CAS Ca2+-cross-linked sodium caseinate 
CLSM confocal laser scanning microscopy 
DSE droplet-stabilised emulsion 
DLS dynamic light scattering 
PDI polydisperse index 
PSE protein-stabilised emulsion 
φ volume fraction of the disperse phase 
SDS sodium dodecyl sulphate 
SLS static light scattering  
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under mild magnetic stirring. Homogenisation of the concentrated PSE 
was performed using a handheld Ultra-Turrax (IKA T10 basic, Staufen, 
Germany) at 10,000 rev min− 1 for 5 min. Sodium azide was added at a 
final concentration of 0.04 wt% as a preservative. Emulsions were pre
pared in duplicate for each pH value. 

2.4. Emulsion stability during storage and heat treatment 

All emulsion samples were stored in temperature-controlled lab 
(22 ◦C) at dark place for aging. Freshly prepared emulsions are divided 
into portions and transfer to different vials for 0, 7, 14 and 30 days of 
aging to avoid repeated sampling interfering with the rheological 
properties of samples aged for a longer period. The bottle caps were 
tightened and sealed with parafilm (PARAFILM® M) to prevent mois
ture loss. 

2.5. Particle size measurement 

The z-average hydrodynamic diameter Ca-CAS were measured by 
dynamic light scattering (DLS) at 20 ◦C using a ZetaSizer Ultra (Malvern 
Instruments Ltd, Malvern, UK). The instrument used a backscattering 
configuration with detection at a scattering angle of 173◦ using an 
avalanche photodiode and a helium-neon laser at λ = 633 nm; refractive 
indices of 1.50 and 1.33 were used for protein and water, respectively. 

The droplet size of emulsions with and without sodium dodecyl 
sulphate (SDS) was determined by static light scattering using (SLS) 
using a Malvern MasterSizer 2000 (Malvern Instruments Ltd, Malvern, 
UK). Emulsion in the absence of SDS was directly added into the Mas
terSizer dispersion tank under stirring at 2500 rpm during measure
ments. The size of individual droplets was obtained by dispersing the 
emulsion in 2 wt % SDS solution at volume ratio of 1:10 before SLS 
measurements, because SDS is capable of disrupting hydrophobic in
teractions and displacing protein molecules and the protein-coated 
droplets from the oil‒water interface without changing the oil droplet 
size (Cheng et al., 2019, 2022a; Dickinson & Ritzoulis, 2000; Mackie 
et al., 2000; Tomas et al., 1994). 

The refractive index of soy oil was 1.47 and water (the dispersing 
medium) was 1.33. Droplet size measurements are reported as De 
Broukere mean (d4,3). Mean particle diameters were calculated as the 
average of duplicate measurements. 

2.6. Zeta-potential measurements 

The zeta-potentials of Ca-CAS particles, and associated emulsions, 
were determined by DLS at 20 ◦C using a ZetaSizer Ultra instrument 
(Malvern Instruments Ltd, Malvern, UK). The dispersions of Ca-CAS 
were measured at pH 7.0 and 5.8; the Ca-CAS coated primary emul
sion was diluted 100 times with 20 mM CaCl2 buffer before measure
ments to avoid multiple scattering effects. The pH of the diluted 
emulsions was adjusted to 7.0 and 5.8 using 0.1 M NaOH or 0.1 M HCl. 

2.7. Characterisations of rheological properties 

The rheological characterisations of the emulsions were conducted 
using AR-G2 stress-controlled rheometer (TA Instruments, Crawley, 
West Sussex, UK) equipped with a stainless-steel plate and plate geom
etry (40 mm diameter) set to a gap of 1.0 mm. The sample for rheo
logical characterisations was transferred by a flat end stainless-steel 
spatula from a sample vial to the rheometer’s bottom plate set at 25 ◦C. 
The geometry plate was lowered to the gap position of 1 mm. Excess 
emulsion was carefully trimmed out and a thin layer of mineral oil was 
used to seal the edge of the geometry to prevent water evaporation 
during the measurement. All the samples were relaxed on the rheometer 
following a time-sweep for 60 min at 25 ◦C with constant strain 
amplitude of 1% and constant frequency of 1 Hz before further rheo
logical characterisations. 

To measure the rheological properties of the emulsion storage at 
different times, a range of oscillatory experiment were performed at 
25 ◦C: (1) the frequency sweep measurement was carried out at a con
stant strain of 1% for frequencies ranging from 10− 2 Hz–102 Hz; (2) the 
strain sweep measurement was performed at a constant frequency of 1 
Hz for strain amplitude ranging from 10− 1%–103%. 

The rheological properties of freshly prepared emulsion with heat- 
treatment were characterised as well. After time sweep measurements, 
a temperature sweep measurement was performed at fixed strain of 1% 
and fixed frequency of 1 Hz with four stages: (1) temperature was 
increased from 20 to 80 ◦C with a heating rate of 1 ◦C/min; (2) held at 
80 ◦C for 30 min; (3) cooled from 80 to 20 ◦C with a cooling rate of 1 ◦C/ 
min; and (4) held at 20 ◦C for 15 min. After that, the frequency-sweep 
and strain-sweep were performed as described above. 

2.8. Confocal laser scanning microscopy (CLSM) 

The microstructures of the emulsions were examined using a 
confocal laser scanning microscope (Leica, Heidelberg, Germany) 
equipped with a 40 × magnification oil immersion lens. Fast green and 
Nile red powder were added to the protein dispersion and soy oil at 
concentration of 0.05 mg/mL prior to emulsification. The stained 
emulsion was transferred onto a concave confocal microscope slide with 
a coverslip. Fast green was excited by a helium‒neon laser at 633 nm 
and the emission between 638 and 750 nm was measured. Nile Red was 
excited by an argon laser at 488 nm and the emitted fluorescence be
tween 494 and 605 nm was measured. To enhance image quality, 
sequential scanning was used. Images were captured with LAS AF soft
ware (version 2.7.3.9723) at room temperature. They were analysed 
using ImageJ software (ImageJ, National Institutes of Health, Bethesda, 
MD, USA). 

2.9. Statistical analysis 

Each experiment was performed in duplicate using freshly prepared 
samples. The results are reported as the means and standard deviations. 
Independent sample T-test of variance were used to compare samples in 
the SPSS 19.0 package (IBM, Armonk, NY, USA). The significant dif
ference was set at a P-level of 0.05. 

3. Results and discussion 

3.1. Formation of DSE concentrated emulsions 

Ca-CAS or nano-sized primary emulsions coated with Ca-CAS were 
used as emulsifying agents to stabilise the concentrated emulsions in the 
present study. The particle size and zeta-potential of Ca-CAS and pri
mary emulsions are shown in Fig. 1a. Size distributions of Ca-CAS dis
persions and the primary emulsions were monomodal at both pH 
conditions as shown in Fig. 1b. The z-average hydrodynamic diameter of 
Ca-CAS was 141 ± 3 and 110 ± 2 nm at pH 7.0 and 5.8, respectively. 
The Ca-CAS-coated emulsions were well dispersed at both pH conditions 
by the electrostatic stabilisation of the Ca-CAS layer. The average di
ameters, d4,3, of primary emulsion were 400 ± 10 nm at both pHs. The 
surface charges of Ca-CAS and the droplets were similar at a given pH, 
and the zeta-potential value was ~ − 9 mV at pH 7.0 and ~ -6 mV at pH 
5.8, respectively. The low net charge of Ca-CAS and its droplets was due 
to the binding and charge screening effect of calcium ions. (Cheng, Ye, 
Yang, et al., 2022; Guo et al., 2021; Ma et al., 2009; McCarthy et al., 
2014; Sosa-Herrera et al., 2012; Zittle et al., 1958). 

3.2. Droplet size distribution of the concentrated emulsions 

The droplet size distributions of concentrated emulsions (φ = 70%) 
stabilised by Ca-CAS (PSE) or by primary emulsion (DSE) are shown in 
Fig. 1c and d. The droplet size distributions of PSE at pH 7.0 and 5.8 
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were similar, with a prominent peak at ~20 μm (Fig. 1c) and a poly
disperse index (PDI) of 0.4. The average droplet diameters (d4,3) for PSE 
at pH 7.0 and pH 5.8 were 20.06 ± 1.14 and 19.35 ± 0.36, respectively. 
These droplet size distributions of PSE in the absence of SDS overlapped 
with those in the presence of SDS, indicating that there was no droplet 
aggregation in the fresh PSE. 

For DSE at pH 5.8, a prominent peak centred at ~20 μm was 
observed, with a d4,3 of 14.12 ± 0.85 μm and PDI of 0.5 (Fig. 1d). The 
slightly smaller d4,3 and larger PDI of DSE at pH 5.8 compared to PSE 
was due to the present of small size droplets of 0.2–2 μm. The 0.2–2 μm 
size droplets could be the mixture of excess primary emulsions and 
newly formed small size DSE. After dispersing the DSE in the SDS so
lution, the peak of the small sized droplet population expanded into the 
smaller size range and between ~0.1 and 2 μm (Fig. 1d), which corre
sponded to the droplet size distribution of primary emulsion only 
(Fig. 1b). Note also that SDS will partially disassociate the Ca-CAS 
particles, by supressing the hydrophobic interactions. The expansion 
of the peak area of small sized droplet population indicated that the 
adsorbed primary droplets had been detached by SDS molecules from 
the interface of the core droplet in DSE (Cheng et al., 2019; 2022a). This 
result confirmed that the primary droplets have assembled at the 
interface of the core droplets. 

In contrast, DSE at pH 7.0 showed peaks of both the primary 

emulsion and the core droplets, resulting in the smaller average d4,3 of 
12.08 ± 0.12 μm and the larger PDI of 0.6 than that for DSE at pH 5.8. 
The droplet size distributions of the DSE at pH 7.0 with and without 
addition of SDS overlapped. 

The average d4,3 of DSE at pH 7.0 and 5.8 with addition of SDS was 
11.89 ± 0.68 μm and 10.16 ± 1.35 μm, respectively. These results 
suggested that the adsorption of primary droplets at the interface of the 
core droplets in DSE was promoted by lowering the pH. Previous studies 
suggested that for casein-coating layers, bringing the pH down towards 
the isoelectric point (IEP = 4.6) lead to reducing the strength and range 
of the interlayer repulsion (Dickinson, 1999; Dickinson et al., 1997). The 
pH-responsive adsorption of particles have also been widely found in 
Pickering emulsion stabilised by different proteins or polysaccharides 
(Cui et al., 2022; Luo et al., 2012; Yang et al., 2007; Zhang, Holmes, 
et al., 2020). 

3.3. Properties and stability of the concentrated emulsions 

As showed in Fig. 2a-d-1, all emulsions exhibited a good stability 
without phase separation or oiling-off over 30 days. Except for the fresh 
DSE at pH 7.0 (Figs. 2c-1), the other three fresh emulsions did not flow 
when the glass vials were inverted (Figs. 2a-1, b-1, & d-1). This phe
nomenon indicated that the viscosity was high for PSE at pH 7.0, PSE at 

Fig. 1. (a) The zeta-potentials of Ca-CAS dispersions and Ca-CAS-stabilised nano-sized primary emulsions at pH 7.0 and 5.8; (b) particles size distributions of Ca-CAS 
dispersions and Ca-CAS-stabilised nano-sized primary emulsions at pH 7.0 and 5.8; (c) droplet size distributions of Ca-CAS particle stabilised-emulsion (PSE) at pH 
7.0 and 5.8 in the absence and presence of SDS; (d) droplet size distributions of droplet stabilised-emulsion (DSE) at pH 7.0 and 5.8 in the absence and presence 
of SDS. 
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5.8 and DSE at pH 5.8, but low for DSE at pH 7.0. It has been suggested 
that when the φ approaches or exceeds a critical value of φmax, droplets 
are caged by their neighbouring droplets and do not flow, the emulsion 
thereby transition from a viscous liquid to a viscoelastic material 
(Mason, 1999). The φmax has been well-established as 0.74 for the 
undeformable spheres with a narrow PDI of 0.1 reaching the hexagonal 
packing (Mason, 1999; Scott & Kilgour, 1969). However, in a poly
disperse emulsion, the φmax can be greater than 0.74 because the small 
droplets can fill the interstitial space between the large droplets 
(Lubachevsky & Stillinger, 1990; Scott & Kilgour, 1969; Tadros, 1994). 
Hence, PSEs were more solid-like than DSEs at pH 7.0 because they did 
not contain the primary emulsion droplet and were less polydisperse. 
However, DSE at pH 5.8 had also appeared to be a solid-like emulsion 
although it contains some amount of the primary emulsion droplets. This 
result indicated that other mechanisms might play a role in controlling 
the rheological properties. The effective volume fraction of the DSE at 
pH 5.8 was different from that of DSE at pH 7.0 due to the interfacial 
layer formed by adsorbed primary emulsion. This possible mechanism 
will be further discussed in the later section in combination with the 
results of microstructural and rheological tests. 

After aging for 30 days, all emulsions did not flow when the glass 
vails were inverted (Fig. 2a-d-2). To examine the droplet-droplet in
teractions, the size of the emulsions at different storage times were 
measured. Except for DSE at pH 7.0, the rest of the emulsions showed an 
increase in size with storage time, and the droplet flocs in the aged 
emulsions did not dissociate during the MasterSizer measurements, as 
shown in Fig. 2e. After dispersing the aged emulsion in SDS solution, the 
droplet flocs disassociated into the individual droplets of similar size to 
the fresh droplets (Fig. 2f). These results suggested that (1) all types of 
emulsions were stable towards droplet coalescence for 30 days; (2) 
irreversible flocculation or aggregation of droplets developed with time 
because they were not dissociated during MasterSizer measurements in 

the absence of SDS, except for DSE at pH 7.0; (3) DSE at pH 7.0 did not 
flow after aging, which could be due to a depletion flocculation caused 
by excessive primary emulsion droplets in the aqueous phase; the 
depletion flocculation was not detectable by particle sizing with SLS. 

3.4. Microstructure of concentrated emulsions during aging 

CLSM images showed that freshly prepared emulsions had large size 
droplets of ~15 μm in diameter packed closely and distributed uni
formly throughout the field of view (Fig. 3a-d-1). With increasing stor
age time, the size of individual droplets did not appear to change 
significantly for all the emulsions (Fig. 3a-d-2&3). These results indi
cated that droplets stabilised with Ca-CAS or Ca-CAS-coated primary 
droplets were stable against coalescence over 30 days. The signal in the 
aqueous phase of PSE suggested the existence of an excess proteins 
(Fig. 3a and b), while in the aqueous phase of DSE at pH 7.0 suggested 
the existence of non-adsorbed Ca-CAS-coated droplets (Fig. 3c). In 
contrast, the signal in the continuous phase of DSE at pH 5.8 appeared to 
be heterogeneous with bright patches and dark areas, indicating that the 
most primary droplets adsorbed onto the interface of the core droplets. 
Such a thick interfacial layer consisting of nano-sized primary droplets 
was observed for all the DSEs at pH 5.8 at different storage times 
(Fig. 3d). The difference between the aqueous phase of DSE at pH 7.0 
and 5.8 suggested that the adsorption of primary emulsion at the 
interface was affected by the pH, hence the interfacial composition of 
the core droplets may not be the same for DSE at pH 7.0 and 5.8. At pH 
7.0, the adsorption of primary droplet onto the core droplet interface 
might be influenced by the remaining free protein molecules in the 
aqueous phase. In this case, the interfacial layer of the DSE at pH 7.0 
could consist of mainly proteins and a few of primary droplets. At pH 
5.8, the free protein molecules in the aqueous phase tended to aggregate 
as particles or onto the interfaces of primary droplets, thus there was 

Fig. 2. Appearance of concentrated emulsion with 70% of oil volume fraction in the sealed inverted glass vails for (− 1) 0 day and (− 2) 30 days. Emulsion stabilised 
by (a) Ca-CAS at pH 7.0, (b) Ca-CAS at pH 5.8, (c) primary emulsion at pH 7.0, and (d) primary emulsion at pH 5.8. (e) The average droplet size (d4,3) of PSE and DSE 
at pH 7.0 and 5.8 as a function of a storage time for 0, 7, 14 and 30 days. (f) The average droplet size (d4,3) of PSE and DSE at pH 7.0 and 5.8 as a function of a storage 
time for 0, 7, 14 and 30 days in the presence of SDS. 
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much less competition with the primary droplets in terms of the 
adsorption onto the core droplet interface. Hence, the interfacial layer of 
the DSE at pH 5.8 consisted of the primary droplets. 

3.5. Viscoelasticity of concentrated DSE emulsions during aging 

The frequency sweep test was performed at a fixed strain of 1%, the 
strain was well within the linear viscoelastic region (LVR) as shown in 

Fig. 3. 63 × Magnification confocal images of concentrated emulsion with 70% of oil volume fraction: (a) PSE at pH 7.0, (b) PSE at pH 5.8, (c) DSE at pH 7.0, and (d) 
DSE at pH 5.8 for (− 1) 0, (− 2) 10 and (− 3) 30 days aging. Red colour represents the oil phase stained by Nile red and green colour represents the protein stained by 
fast green. Scale bar is 20 μm. Insets are associated zoom-in images with scale bar of 10 μm. 
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Fig. 4b-1&-2. The dependence of storage modulus (G′) and loss modulus 
(Gʺ) with frequency for 0 day and 30 days was plotted in Figs. 4a–1&-2, 
respectively. For the whole frequency range, both G′ and G″ of all 
emulsions showed a weak frequency dependence; the G′ of all emulsions 
was in parallel with and about 9 times higher than the Gʺ, which sug
gested that these emulsions were weak gels before and after aging 
(Gabriele et al., 2001; Ross-Murphy et al., 1993). Similar dynamic weak 
gel characteristic had been reported for many high internal phase 
Pickering emulsions stabilised by food-grade particles, such as trans
glutaminase cross-linked gelatine (Du et al., 2021), casein and 
casein-hemp protein particles (Chuang et al., 2020), and soy pro
tein/cellulose nanofibrils (Zhang, Luo, et al., 2020). The frequency 

dependence of aging emulsion decreased (Figs. 4a-2), indicating that 
inter-droplet motion was reduced after 30 days (Tang & Ghosh, 2021). 

To better compare the viscoelasticity of various emulsions at 
different aging times, the complex modulus G* at 1 Hz of emulsions was 
summarized in Fig. 4c and Table 1, where G∗ = (G′2 + G″2)1/2 combining 
the contribution from both G′ and G″. In freshly prepared emulsions, the 
values of G* for the PSE at both pH 7.0 (238 ± 15 Pa) and 5.8 (215 ± 25 
Pa) were not significantly different. As expected, the fresh DSE showed 
the lowest G* (126 ± 15 Pa) at pH 7.0 due to the high polydispersity, but 
the highest G* (1174 ± 28 Pa) at pH 5.8. The high G* in the fresh DSE at 
pH 5.8 than other emulsions (P > 0.05) could suggest that there were 
DSE droplet-droplet networking through the primary droplets that were 

Fig. 4. G′ (solid symbols) and Gʺ (open symbols) as (a) a function of frequency and (b) as a function of the strain for concentrated emulsion PSE (stabilised by Ca- 
CAS) and DSE (stabilised by primary emulsion) at pH 5.8 and pH 7.0 at (− 1) 0 day and (− 2) 30 days aging. (c) Complex modulus G* (1 Hz) and (d) breaking stress of 
PSE and DSE at pH 7.0 and 5.8 as the function of aging time. 
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entrapped within two interfaces. 
Another possible contributor for the high G* of DSE at pH 5.8 was the 

thick interfacial layer for DSE at pH 5.8, which resulted in an increase in 
the effective volume fraction of the emulsion. When taking a thickness of 
the interfacial layer, h, into account, the effective volume fraction, φeff 
can be calculated using equation (1) (Mason, 1999): 

φeff ≈ φcore

[

1 +
2h
D

]3

(1)  

where φcore is oil volume fraction of the large core droplet, D is the mean 
droplet diameter (D ≈ 15 μm, given by the emulsion with addition of 
SDS measured by SLS after excluding the contribution from small 
droplets), which is valid for 2h≪d (Erramreddy & Ghosh, 2015; Mason, 
1999; Princen et al., 1980; Wilking & Mason, 2007). 

For DSE at pH 5.8, the primary droplet layer at the core droplet 
surface, h, was contributed to ~0.87 μm thickness as estimated by the 
difference in large droplet diameter before (14.59 ± 0.17 μm) and after 
adding SDS (12.85 ± 0.41 μm). The φeff was calculated as 0.87 which 
was 1.39 times higher than the set φcore of 0.625 (the primary emulsion 
accounted for oil volume fraction of 0.075). Similar results have been 
reported previously that an increase of φeff by increasing the size ratio of 
emulsifier to the droplet has led to the dramatic increase in the elasticity 
of the concentrated emulsion (φ= 0.3 − 0.9) (Chanamai & McClements, 
2000; Erramreddy & Ghosh, 2015; Hemar & Horne, 2000; Roullet et al., 
2019). For DSE at pH 7.0, the difference in the large droplet size before 
(15.44 ± 0.29 μm) and after adding SDS (15.44 ± 0.34 μm) was not 
significant. The φeff of DSE at pH 7.0 should then be similar to the set 
φcore (= 0.625) and was probably below or near to its φRCP (>0.64, due to 
its polydispersity). 

Therefore, the highest G* of the DSE at pH 5.8 could be attributed to 
the large φeff caused by the thick interfacial layer consisting of primary 
emulsion droplets and the droplet interactions through this thick 
interfacial layer, while the lowest G* of DSE at pH 7.0 among all 
emulsions could be attributed to its lowest φeff and high polydispersity. 

For PSE, the previous study showed that the thickness of Ca-CAS- 
particle layer, h, at the oil-water interfaces is ~30 nm (Cheng, Ye, 
Yang, et al., 2022). Taking the 2 h by Ca-CAS-particles as 0.06 μm (h =
0.03 μm), the calculated φeff was 0.71 and slightly higher than the φcore 
of 0.7 of PSE. This result was consistent with other studies that have used 
nano-sized protein particles (soy β-conglycinin and ovalbumin) as 
emulsifier in concentrated emulsions where the thickness of the inter
facial layer had a negligible effect on the viscoelasticity of the emulsion 
(Xu et al., 2018, 2019). 

During aging, the G* of PSE increased to ~400 Pa after 7 days at both 
pH values and then did not change during further storage. The G* of DSE 
at pH 7.0 were 13 ± 3, 32 ± 20 and 443 ± 184 Pa for 7, 14 and 30 days, 
respectively, which were significantly lower or higher than that of the 
fresh sample. In contrast to DSE at pH 7.0, the G* of DSE at pH 5.8 
steadily increased with aging time. The G* of DSE at pH 5.8 increased 

from 1174 ± 28 at fresh state to 1430 ± 18 Pa after 7 days of aging. The 
subsequent increase in G* was not significant between 14 (1650 ± 127 
Pa) and 30 days (1686 ± 68 Pa) of aging. The trend of the increase in G* 
was similar between DSE at pH 5.8 and PSE at both pH values, sug
gesting that the three emulsions may follow the same mechanism of re- 
structuring during aging. The fluctuation of G* from DSE at pH 7.0 was 
possibly a result from the weak and inhomogeneous spatial structure 
during aging for 0–14 days which formed a stable network after 30 days. 

A possible mechanism accounting for the increase in G* of emulsion 
during storage could be the gravity-driven microphase separation and 
protein-protein aggregation in order to reduce the Gibbs free energy in 
the emulsion (Tadros, 2004). Tadros (2004) suggested that the 
contraction of the droplet network during the storage could be driven by 
gravity force if the droplet size is larger than 1 μm, resulting in phase 
separation. Between the close contact droplets, the droplet-droplet ag
gregation might occur, resulting in irreversible increase in droplet size 
as shown in SLS measurements Fig. 2e. Due to the low zeta potential 
(6–9 mV absolute) and high electrolyte concentration (20 mM CaCl2) in 
these emulsions, irreversible aggregation between the adsorbed proteins 
may be caused by calcium ion cross-linking, electrostatic and/or hy
drophobic interactions. Nevertheless, the positive relationship between 
the droplet flocculation and the G′ of emulsions with storage time has 
been previously reported; this is because the droplet clusters with the 
entrapped aqueous phase enhance the effective volume fraction of 
emulsion, resulting in a greater G′ (Anton et al., 2001; Hayati et al., 
2007; Tadros, 2004). In addition to the gravity, depletion flocculation 
induced by the excess non-adsorbed primary emulsion droplets may also 
play a role in contributing to the microphase separation and a greater G* 
after 30 days (Aben et al., 2012; Dickinson & Golding, 1997a, 1997b). 

The stability of emulsion under the large deformation oscillation is 
shown in Figs. 4b–1&-2, in which G′ and G″ were plotted against the 
applied strain amplitude at a fixed frequency of 1 Hz. Within the LVR, all 
emulsions exhibited a gel-like behaviour, in which G′ was higher than G″, 
with both G′ and G″ being independent of the applied strain until a 
certain critical strain point. The critical strain point could be defined as 
both G′ and G″ started to deviate from the LVR, which suggested that the 
sample started to flow. For fresh emulsions (Figs. 4b-1), the maximum 
strain of the LVR was in the order DSE at pH 5.8 (9.95 ± 0.16%) > PSE at 
both pH (7.34 ± 1.00%) > DSE at pH 7.0 (1.60 ± 0.00%). After 30 days 
(Figs. 4b-2), the maximum strain of the LVR of all emulsions was 
increased as DSE at pH 5.8 (25.57 ± 0.79%) ≈ PSE at both pH (25.55 ±
0.12%) > DSE at pH 7.0 (4.55 ± 0.48%). Compared to the other three 
emulsions, DSE at pH 7.0 had a weaker inter-droplet interaction at a 
given storage time that was attributed to its broad distribution and low 
φeff. 

3.6. Stability and viscoelasticity of concentrated emulsions against 
heating 

After heating at 80 ◦C for 30 min, all the freshly made concentrated 
emulsions gelled, without phase separation, and did not flow when the 
glass vials were inverted (Fig. 5a–d). The droplet size of heated emul
sions in the absence or the presence of SDS is shown in Fig. 5e and f. 
There was no significant difference (P > 0.05) in the size of emulsion 
droplets both in the presence and the absence of SDS before and after 
heating. This result indicated that emulsions coated with Ca-CAS layer 
or primary droplet layer were stable against coalescence during heating. 

The microstructures of the heated emulsion observed by CLSM are 
shown in Fig. 5g–j. As shown in the confocal images, the size of the core 
droplets after heating remained similar to the size of the fresh emulsion 
(Fig. 3a-d-1), confirming that there was no droplet coalescence of core 
droplets stabilised by either the Ca-CAS layer or primary droplet layer 
during heating process. 

For PSE after heating, the droplet network was consisted of the 
protein-rich and protein-poor regions (Fig. 3g and h, insets). In the 
protein-rich region, two droplet interfaces were connected by protein 

Table 1 
Complex moduli G* at 1 Hz (Pa) of PSE and DSE at pH 7.0 and 5.8 after 0 day, 30 
days aging, and heating at 80 ◦C for 30 min.   

G* at 1 Hz (Pa) 

0 D 30 D 80 ◦C 

PSE, pH 7.0 238 ± 21 Aa 403 ± 68 Ba 583 ± 76Ca 

PSE, pH 5.8 215 ± 35 Aa 354 ± 79 Ba 653 ± 20 Ca 

DSE, pH 7.0 126 ± 21 Ab 443 ± 127 Ba 1312 ± 205 Cb 

DSE, pH 5.8 1174 ± 39 Ac 1685 ± 68 Bb 1801 ± 69 Bc 

Different letters in capitals represent significant differences between different 
storage time and temperature of the same sample according to SPSS T-test (P <
0.05); different letters in lower case represent significant differences between 
samples at same storage time and temperature. Experimental data are the means 
of duplicate samples. Numbers in parentheses represent the standard error from 
duplicates. 

L. Cheng et al.                                                                                                                                                                                                                                   



Food Hydrocolloids 145 (2023) 109059

9

aggregates, or in another words, the protein aggregates were entrapped 
among the droplets. In the protein-poor region, interfaces of the droplets 
lacked protein signals because these areas were covered by small size 
protein particles. Some of the droplet network of PSE was disconnected 
in the protein-poor region due to the lack of the large protein aggregates 
to fill the gaps between the droplets. In contrast, the network of DSE was 
continuous and tight. The core droplets were embedded in the matrix 
and were made up of aggregated primary droplets (Fig. 5i and j, insets). 

The changes in the elasticity of the emulsions with the heating 
temperature were monitored by the temperature ramp (Fig. 6a, inset). 
The rapid increase in G′ with the increasing temperature indicated that 
the emulsion converted into an emulsion gel. The rapid increase in G′ in 
all the emulsions started at ~40 ◦C, which was consistent with the 
previously reported gelation temperature (~40 ◦C) of caseinate- 
stabilised emulsions or casein micelles solutions in the presence of 
Ca2+ (Balakrishnan et al., 2018; Dickinson & Casanova, 1999; McCarthy 
et al., 2014). When the temperature arrived to 80 ◦C, the G′ of all 
emulsion gels reached a plateau level over the time sweep at 80 ◦C for 
30 min. The stable G′ of the emulsion over the holding time confirmed 
that the structure of emulsion gels resisted to heat-induced destabiliza
tion, such as droplet coalescence, phase separation or syneresis. The gel 
strength further increased during the cooling step, which was possibly 
attributed to the increase in the strength of hydrogen bonds at low 
temperatures (Cordier & Grzesiek, 2002). 

The subsequent frequency-dependent G′ and G″ of PSE and DSE is 
plotted in Fig. 6a. The weak frequency dependence of both G′ and G″ 
suggested that all the heated emulsions were weak gels (Gabriele et al., 
2001; Ross-Murphy et al., 1993). As compared to the unheated emulsion 
(Figs. 4a-1), the frequency dependence of the heated emulsion was less 
pronounced (Fig. 6a) (Tang & Ghosh, 2021). This result was consistent 
with the observations that all emulsions did not flow in the inverted tube 
after heating (Fig. 5a–d) and the droplets were bridged together after 
heating (Fig. 5g–j). 

The gel strength of unheated emulsion and heated emulsions was 
represented by the complex modulus G* at 1 Hz as presented in Fig. 6b 
and Table 1. The G* of the emulsion was significantly increased after 
heat-treatment compared to that of the unheated emulsions. The gel 
strength of heated PSE did not show a significant dependency on the pH, 
whereas the gel strength of heated DSE did (Table 1). 

The large deformation rheological properties of heat-induced emul
sion gels were measured by strain sweep as shown in Fig. 6c, in which G′ 
and G″ were plotted against the applied strain amplitude. All the samples 
exhibited a gel like behaviours in the LVR, both G′ and G″ were inde
pendent of the applied strain up to the critical strain point. For all the 
heated emulsions, at a strain close to the critical strain point, the G″ 
showed the over-shoot feature, indicating the presence of droplet 
compression in the heated emulsion causing the high energy dissipation 
before the breakdown of network (Seth et al., 2011). 

The breaking stress of the unheated and heated emulsions was 
summarized in Fig. 6d. As shown in Fig. 6d, the breaking stress of 
emulsion was significantly increased by the heat-treatment, indicating 
that the heated emulsions had a higher stability towards large defor
mation than the unheated emulsions. The breaking stress of emulsions 
shared a similar trend to their G* suggesting their large deformation 
behaviour correlated well with the small deformation viscoelastic 
behaviour. It was clear that the greater average G* and breaking stress in 
heated emulsions resulted from the heated-induced protein-protein ag
gregation (Fig. 5g–j) and droplet flocculation (Fig. 5e and f). Since the 
heat-induced interactions were superimposed on the droplet in
teractions provided by the adsorbed primary droplet layer, the G* and 
breaking stress of DSE at pH 5.8 were significantly higher than that at pH 
7.0. 

4. Conclusions 

In this study, Ca-CAS particles and Ca-CAS coated nano-sized 

Fig. 5. Appearance (left panel) of 70% concentrated emulsions stabilised by (a) Ca-CAS at pH 7.0, (b) Ca-CAS at pH 5.8, (c) primary emulsion at pH 7.0, and (d) 
primary emulsion at pH 5.8 in the inverted seal glass vails after heating in oven at 80 ◦C for 30 min. The average droplet size (d4,3) of PSE and DSE at pH 7.0 and 5.8 
before and after heating (e) with the absence of SDS and (f) with the presence of SDS. 63 × Magnification confocal images of concentrated emulsion that stabilised by 
(g) Ca-CAS at pH 7.0, (h) Ca-CAS at pH 5.8, (i) primary emulsion droplets at pH 7.0, and (j) primary emulsion droplets at pH 5.8 after heating. Scale bar is 20 μm. 
Insets are associated zoom-in images with scale bar of 10 μm. 
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primary emulsions exhibited good emulsifying agents in the preparation 
of 70% oil-in-water emulsion. The viscoelasticity of the concentrated 
emulsion stabilised by Ca-CAS (PSE) was insensitive to pH in the range 
between 7.0 and 5.8. When the primary emulsion was used as the 
emulsifier to stabilise emulsion (DSE), the viscoelasticity of the 
concentrated emulsion was altered. The thick droplet layer at the surface 
of the core droplet in DSE formed at pH 5.8 increased the effective 
volume fraction of the core droplet phase by a factor of 1.39, whereas 
the Ca-CAS layer of PSE increased the effective volume fraction of the 
core droplet phase by a factor of 1.01, leading to a ~6-fold higher 
viscoelasticity of DSE compared to PSE in the fresh state. 

After the long-term storage (30 days) and heat-treatment (80 ◦C for 
30 min), all concentrated emulsions showed excellent stability against 
droplet coalescence, and transformed into self-supporting gels. 
Compared to the other three emulsions, DSE at pH 5.8 exhibited the 
highest viscoelasticity because of the positive effects of aging and 
heating superimposed on its initially high viscoelasticity. The significant 
increase in the viscoelasticity of the aged emulsions was attributed to the 
gravity-driven microphase separation and droplet flocculation. The 
droplet flocs together with the entrapped aqueous phase led to the in
crease in effective volume fraction. Heating the emulsions to 80 ◦C led to 
a dramatic increase in the rheological properties with the highest 
viscoelasticity. With increasing temperature, the interactions between 
proteins increased resulting in protein aggregation between the non- 
adsorbed proteins themselves and/or between the non-adsorbed pro
teins and absorbed proteins. The contacting droplets in the concentrated 
emulsions were associated together through the protein aggregates or 
primary droplets, forming a three-dimensional droplet network. This 

study provided us with a clear picture of using droplet-stabilised inter
face in improving the mechanical strength of food-grade concentrated 
emulsion. 
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