
Food Structure 35 (2023) 100309

Available online 7 January 2023
2213-3291/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Formulation engineering of water-in-oil-in-water emulsions for salt 
reduction with sucrose oleate as a PGPR-alternative lipophilic emulsifier 

Liling Zhang a,b, Joanne Gould a,b, Bettina Wolf b,* 

a Division of Food, Nutrition and Dietetics, School of Biosciences, University of Nottingham, Sutton Bonington Campus, Loughborough LE12 5RD, UK 
b School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, UK   

A R T I C L E  I N F O   

Keywords: 
Salt release 
Salt encapsulation 
W/o emulsion 
W/o/w emulsion 
Starch emulsifier 
Lipophilic emulsifier 
in vitro salt release 

A B S T R A C T   

Sucrose oleate was assessed as an alternative lipophilic emulsifier to polyglycerol polyricinoleate (PGPR) for the 
stabilisation of the internal aqueous phase of a water-in-oil-in-water emulsion formulation designed for salt 
release from the internal aqueous phase during oral processing. A water-in-oil emulsion (30 g water/100 g oil), 
containing an internalised salt solution (1.5 g salt/100 g), was successfully incorporated as droplets into a salt 
containing external aqueous phase (0.5 g salt/100 g) with in-situ gelatinised waxy rice starch (WRS) stabilising 
the oil droplet interface. The droplets of the sucrose ester stabilised water-in-oil emulsion were aggregated, and 
this microstructure carried over into the water-in-oil-in-water emulsion. The PGPR stabilised water-in-oil 
emulsion showed no evidence of aggregation, and the primary droplet size was smaller. Mean oil droplet size 
was comparable, slightly increasing for the sucrose ester containing formulation over a 3-months observation 
period. Nevertheless, salt encapsulation efficiency, reducing by around 10% over 3-months, as well as in vitro salt 
release, reducing by 20%, were comparable. This study demonstrated that sucrose ester SE O-170 is a viable 
alternative for PGPR in w/o/w emulsions designed for salt release during oral processing.   

1. Introduction 

It has been well-documented that lowering dietary salt intake would 
result in a major improvement in population health due to reducing the 
incidence of hypertension and cardiovascular disease caused by salt 
overconsumption (Engstrom et al., 1997; He & MacGregor, 2010; 
Wenstedt et al., 2020). However, the reported habitual daily salt intake 
in most countries around the world continues to significantly exceed the 
WHO recommendation of 5 g salt per day (Härtl, 2013). WHO Member 
States have agreed on a voluntary global health strategy for a 30% 
reduction by 2025 in mean population salt intake (Santos et al., 2021). 
In most developed countries, the challenge to lower the dietary salt 
intake lies in reducing salt content of processed food, shown to be the 
largest source of salt in the daily diet (up to 75–80%) (Dötsch et al., 
2009; Kloss et al., 2015) although many food and beverage companies 
have pledged to reduce the level of salt by reformulating existing 
products (Dötsch et al., 2009; Jo et al., 2020; Kloss et al., 2015; Yach 
et al., 2010). Salt reduction strategies include stepwise reduction to 
adjust consumer’s expectation of the saltiness of a product, substitution 
of salt with non-sodium salts or taste enhancers, maximising saltiness 
perception by increasing salt delivery efficiency from the food surface to 

the tongue (Kloss et al., 2015), or by delivering a temporal change in salt 
concentration during oral processing (Kloss et al., 2015). The latter in
volves compartmentalisation of salt within the food designed to release 
the salt in a temporal fashion. Thereby saltiness perception is enhanced 
compared to delivering the same (reduced) amount of salt all at once 
upon ingestion without compromising consumer acceptability (Kloss 
et al., 2015). 

Compartmentalisation of salt in liquid foods is challenging due to the 
fact that salt is water soluble. However, one of us has previously 
demonstrated that this challenge can be overcome by encapsulating salt 
in the internal aqueous phase of a water-in-oil-in-water (w1/o/w2) 
emulsion (Kasprzak et al., 2019). The internal aqueous phase (w1), 
comprising a higher level of salt than the external aqueous phase (w2), 
was emulsified into sunflower oil containing the lipophilic emulsifier 
polyglycerol polyricinoleate (PGPR). The resulting w1/o was submitted 
to a second emulsification step to create a w1/o/w2 emulsion stabilised 
by non-chemically modified waxy rice starch. The non-chemical modi
fication of the waxy rice starch involved the gelatinisation of the starch 
ingredient via the frictional heat input during the secondary emulsifi
cation step using a high shear overhead mixer. This procedure was 
previously found to provide long-term stability to o/w emulsions 
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(Kasprzak et al., 2019). 
The presence of salt in w2 delivers saltiness upon first ingestion of the 

emulsion-based food, whereas the salt in w1 is released due to the action 
of salivary amylase-mediated emulsion destabilisation during the oral 
processing stages between ingestion and swallow. 

One of the hurdles to apply this salt reduction strategy in commercial 
formulations is the reliance on PGPR as the lipophilic emulsifier. It is 
widely used in research for the stabilisation of the internal interface of 
w/o/w emulsions, or w/o emulsions as it generally creates a fine in
ternal droplet size spectrum, that is stable over time (Choi et al., 2017; 
Cofrades et al., 2014; Matos et al., 2014; Muschiolik & Dickinson, 2017). 
Without a stable internal w1/o emulsion, the targeted salt reduction 
strategy will not work. However, there are drawbacks to the use of PGPR 
such as off-taste, legal restrictions of PGPR (ADI of 25 mg/kg body 
weight per day) (Akhtar & Dickinson, 2001; Balcaen et al., 2017; Mor
tensen et al., 2017) and the synthetic connotation limits consumer 
acceptability. PGPR has the E-number E476. 

In this study, sucrose oleate SE O-170 was evaluated as an alternative 
lipophilic emulsifier to PGPR to stabilise the internal w1/o emulsion in 
the aforementioned w1/o/w2 emulsion system introduced by Kasprzak 
et al. (2019). The chemical structures of both emulsifiers are provided in  
Fig. 1. Sucrose esters comprise a sucrose molecule esterified with fatty 
acids and in the case of sucrose oleate, the main acid is oleic acid (Nelen 
et al., 2015). Oleic acid is widely found in natural cruciferous oils such as 
rapeseed and mustard seeds (Glatter et al., 2001; Gupta et al., 1983; 
MCF, 2020). Sucrose esters are widely used in foods (E-number E473), 
cosmetics, and pharmaceuticals (Baker et al., 2000). Legal restrictions 
for use in foods also apply to sucrose ester (ADI of 40 mg/kg body weight 
per day) (Younes et al., 2018), indifferent to type of sucrose ester 
(varying fatty acid chain length and, thus, HLB value). 

PGPR was not simply replaced by SE O-170 reproducing all other 
steps of emulsion preparation reported by Kasprzak et al. (2019). Spe
cifically, the gelatinisation step of the waxy rice starch was decoupled 
from the second emulsification step to research a process that could in 
future be applied to formulations with temperature sensitive ingredients 

or additives in any of the three emulsion phases. Further, the high shear 
processing protocol of the primary w1/o emulsion was optimised for 
droplet size and w1/o emulsion stability. Smaller w1 droplets are less 
likely to be “lost” into the external aqueous phase during the second 
emulsification step (Garti & Aserin, 1996) and primary w1/o emulsion 
stability was reported to be closely linked to the stability of the final 
w1/o/w2 emulsion (Leister & Karbstein, 2020). Finally, salt encapsula
tion efficiency and in vitro salt release of optimised emulsion formula
tions stabilised with SE O-170 were compared to PGPR stabilised 
emulsions to evaluate the true potential of SE O-170 as an alternative to 
PGPR for salt reduction of liquid foods via a complex emulsion approach. 

2. Materials and methods 

2.1. Materials 

Sunflower oil purchased from a local supermarket was used as the 
continuous phase of the w1/o emulsions. Both aqueous phases in the w1/ 
o/w2 emulsions were Milli-Q water (conductivity ≤ 0.5 μs/cm) con
taining 0.02 g sodium azide/100 g (Sigma-Aldrich, Gillingham, UK) to 
prevent microbial spoilage during sample storage and sodium chloride 
(Fisher Scientific, Loughborough, UK). Polyglycerol polyricinoleate 
(GRINDSTED PGPR90, HLB 1–2) and sucrose ester O-170 (sucrose 
oleate, HLB 1, 70% oleic acid and 100% di-, tri- and poly ester) were 
donated by DuPont Danisco (Kettering, UK) and Mitsubishi-Kagaku 
Food Corp (Tokyo, Japan), respectively. Waxy rice starch (WRS, 
amylose 6.1 ( ± 0.1) g/100 g, moisture 13.0 ( ± 0.4) g/100 g and pro
tein 0.66 ( ± 0.03) g/100 g) was provided by Synergie Nutrylon, Urlick 
and Short Ltd (Pontefract, UK). For the in vitro digestion assay, porcine 
pancreas amylase (Type VI-B, activity ≥ 10 units/mg solid), sodium 
phosphate dibasic anhydrous (NaH2PO4), sodium phosphate monobasic 
(Na2HPO4), hydrochloride acid solution (HCl) and sodium hydroxide 
solution (NaOH) were acquired from Sigma-Aldrich (Gillingham, UK). 

2.2. Emulsion preparation 

2.2.1. Primary emulsions 
The primary w1/o emulsion was prepared by initially mixing the oil 

phase (o) containing 2.86 g PGPR or SE O-170 per 100 g sunflower oil at 
500 rpm for 2 h. The choice of lipophilic emulsifier concentration is 
based on our earlier work where we reported that at lower concentra
tions of PGPR external aqueous phase solution w2 was partially incor
porated into the oil phase during the second emulsification step 
(Kasprzak et al., 2019). The inner water phase (w1) comprised a solution 
of 1.5 g salt/100 g water. The w1/o emulsions (30 g w1/100 g emulsion) 
were prepared using one of two high shear overhead mixers, a Silverson 
LR4 (Chesham, UK) fitted with an emulsor screen or an Ultra-Turrax T25 
(IKA-Werke GmbH & Co, Staufen, Germany) fitted with an S25N-10 G 
dispersing tool, following protocols from literature with slight modifi
cations (Chiu et al., 2017). The dimensions of the two devices and the 
operating conditions as well as the emulsion temperatures at the end of 
the processing are provided in Table 1. Using the Silverson, the aqueous 
phase was added to the oil phase prior to processing. Using the 
Ultra-Turrax, the aqueous phase was added dropwise to the oil phase 
during 2 min while mixing at 5000 rpm followed by the processing 
condition stated in Table 1. The prepared w1/o emulsions were stored at 
ambient temperature (~ 20 ◦C) in 100 ml glass vials until used for 
analysis or preparation of w1/o/w2 emulsions. 

2.2.2. Final emulsions 
The first step of the creating the w1/o/w2 emulsions comprised the 

preparation of the aqueous starch dispersion used as the external water 
phase w2. 4 g of waxy rice starch (WRS) and 66 g of 0.5 g salt/100 g 
water dispersion was processed in a beaker of 250 ml using the Silverson 
LR4 at 8000 rpm for 11 ± 2 min, with the temperature reaching 88 
± 3 ◦C. Afterwards, the starch dispersion was covered and kept in a 

Fig. 1. Molecular structure of polyglycerol polyricinoleate (PGPR) (A). The 
polyglycerol chain can have more or fewer than three glycerol units. “n” in the 
polyricinoleate chain indicates that several ricinoleic acids can be included, the 
terminal fatty acid can be a different one, e.g., stearic acid (Price et al., 2022); 
and sucrose oleate (B). 
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water bath at 90 ◦C for 20 min with constant stirring at 300 rpm on a 
magnetic stirrer to complete the gelatinisation of the WRS. Finally, the 
starch dispersion/w2 phase was allowed to naturally cool to ambient 
temperature (~ 20 ◦C). To prepare the w1/o/w2 emulsion, the beaker 
with the w2 phase was placed into an ice bath and 30 g of w1/o emulsion 
was incorporated by mixing with the Silverson at 8000 rpm for 3 min. 
The temperature of the final emulsions at the end of processing was 24 
± 3 ◦C. The ratio of the different phases in the w1/o/w2 emulsions was 
w1:o:w2 = 9:21:70 and contained 4 g of WRS per 100 g emulsion, 
varying levels of PGPR or SE O-170 (0.15, 0.3, 0.6 g per 100 g emulsion) 
and a total of 0.465 g salt (0.135 g from w1 and 0.33 g from w2) per 
100 g of emulsion. The prepared w1/o/w2 emulsions were stored at 
room temperature (~ 20 ◦C) until further use. 

2.3. Characterisation of emulsion microstructure 

The microstructure of both types of emulsions was visualised 
immediately after preparation using an optical microscope (EVOS FL, 
Cell Imaging System, ThermoFisher, UK), after dilution with salt solu
tion (0.5 g salt/100 g water) in case of w1/o/w2 emulsions and oil 
containing either SE O-170 or PGPR (2.86 g/100 g) in case of the w1/o 
emulsions. Also imaged were the w1/o/w2 emulsions following in vitro 
digestion, which were already diluted during the digestion assay. The 
slides for w1/o emulsion were prepared by placing a small drop of 
diluted emulsion and carefully sliding a cover slip over the sample. 
Cover slips were not used for w1/o/w2 emulsions as the large size of 
some of the oil droplets meant that they deformed upon applying a cover 
slip. All images were taken at ~ 20 ◦C. 

The internal microstructure of the oil droplets was assessed by 
employing a cryo-focused ion beam scanning electron microscope (FEI 
Quanta 200 3D, FEI, Portland, OR) equipped with a Quorum PPT 2000 
cryo-stage (Quorum Technologies Ltd, Loughton, UK) and an INCA En
ergy 250 microanalysis system (Oxford Instruments, Oxford, UK). The 
ion milling was done at current between 1 nA and 50 pA. The frozen and 
milled surfaces were further sectioned by a nanomanipulator to reveal 
the sectional structure of the double emulsion. Images were acquired 2 
days after emulsion preparation at an accelerating voltage of 10 kV. 

2.4. Determination w1/o emulsion stability 

The stability of w1/o emulsions stabilised either with PGPR or SE O- 
170 (2.86 g/100 g oil) was assessed using a TurbiscanLab Expert Stability 
Analyser (Formulation, Toulouse, France). 20 ml of w1/o emulsion was 
poured into a measuring tube immediately after preparation, up to the 
recommended sample height of 42 mm. The emulsions were scanned 
immediately and then at regular intervals for a period of 7 days, taken 
from storage at ~ 20 ◦C. The transmitted light (T) was negligible in most 
parts of all samples and is therefore not reported. The raw data of the 
backscattered light (BS) was analysed in the Delta mode (ΔBS) to 
improve the signal to noise ratio. The first BS scan for each w1/o 
emulsion sample was taken as the reference data to build the ΔBS graph. 

2.5. Determination of w1/o/w2-emulsion droplet size distributions 

Droplet size distributions of w1/o/w2 emulsions were acquiring 
using a laser diffraction particle size analyser (LS 13 320, Beckman 
Coulter, High Wycombe, UK) fitted with a micro volume liquid module 
cell containing reverse osmosis water as the dispersing medium. Data 
was analysed using the Mie theory, where 1.54 and 1.33 were pre-set as 

the refractive indices for the dispersed oil phase and the continuous 
aqueous phase, respectively. Three independent measurements were 
taken on each sample and results are reported as averaged volume-based 
mean droplet size d[4,3] with standard deviation. 

2.6. Measurement of salt encapsulation efficiency 

Salt encapsulation efficiency was defined, see Eq. (1), and measured 
following the same principle as in previously referenced work (Kasprzak 
et al., 2019). Using a conductivity meter (Mettler Toledo Ltd, Leicester, 
UK) fitted with a 4-pole platinum conductivity probe with a chemical 
resistant glass body (inLab 710, 0.01–500 ms/cm, Mettler Toledo Ltd, 
Leicester, UK), the conductivity of the w1/o/w2 emulsion was measured 
at 20 ◦C while stirring on a magnetic stirrer at 500 rpm, taking readings 
every second for 1 min. Once the conductivity reading varied by less 
than 5% within 5 s, that data point was chosen as the conductivity value 
of emulsion. To convert conductivity into quantity of salt in w2, cali
bration curves were constructed by adding varying salt quantities (0 – 
0.5 g) to 100 g double emulsion samples prepared in the absence of salt 
in either aqueous phase with w1 stabilised by SE O-170 or PGPR at any of 
the three levels applied. Conductivity measurements were conducted in 
triplicate directly after emulsion preparation and after a 3-months 
storage, and EE calculated using Eq. (1). It is worth noting that based 
on emulsion composition and assuming no transfer of salt from w1 to w2 
or vice versa, the value for EE would be 29%. 

EE(%) =
Saltg/100gemulsion − Saltinw2g/100gemulsion

Saltg/100gemulsion
× 100% (1)  

2.7. In vitro salt release assessment 

Amylase-mediated release of salt from w1 into w2 was measured 
using the same in vitro digestion model set-up as in our earlier work 
(Kasprzak et al., 2019). 10 g of emulsion was gently stirred on a mag
netic stirrer at 300 rpm and 37 ◦C, 10 ml of α-amylase in phosphate 
buffer solution (100 U/1 ml enzyme level, pH 7, 0.01 M) added and 
conductivity recording started for 30 s. The sodium phosphate buffer 
was prepared by placing 4.68 g of sodium phosphate monobasic and 
8.662 g of sodium phosphate dibasic in a 1000 ml volumetric flask. 
Then, the volumetric flask was filled with deionised water up to 1 litre, 
followed by stirring at 500 rpm for 30 min until fully dissolved, corre
sponding to a 0.1 M sodium phosphate buffer. The pH value of the so
dium phosphate buffer solution was adjusted to 7.0 with hydrochloride 
acid solution (0.02 M) and sodium hydroxide solution (0.02 M). Then, 
the 0.1 M sodium phosphate buffer was diluted 10 times to obtain a 
0.01 M sodium phosphate buffer (pH 7.0). Afterwards, 1 g of porcine 
amylase was dispersed in 100 ml of 0.01 M sodium phosphate buffer. 
Consequently, the enzyme activity of the final amylase mediated in-vitro 
oral digestion buffer was approximately 100 U/1 ml which is considered 
to be close to the average level of human salivary amylase activity at 
92.5 U/1 ml (Mandel et al., 2010). 

To convert conductivity reading into quantity of salt in w2, calibra
tion curves were acquired as above but with digestion buffer added. 
Results are presented as the quantity of salt in w2 relative to the quantity 
of salt in the total emulsion system (0.465 g salt/100 g emulsion), and 
the symbol SCw2 (%) was used. If the w1/o/w2 emulsion collapsed 
completely during in vitro oral, releasing all of w1 into w2, SCw2 would 
equal 100%. Finally, salt release (%) was calculated as the difference 
between the quantity of salt in w2 before and after in vitro digestion. 

Table 1 
Characteristics of the mixing devices and processing conditions to prepare the w1/o emulsions and final emulsion temperature.  

Device Mixed head diameter (m) Speed (rpm) Time (min) Angular velocity (rad/s) Tangential velocity (m/s) Emulsion temperature (◦C) 

Silverson LR4  0.04 8000  2  837.8  16.8 65 ± 3 
Ultra-Turrax T25  0.01 20,000  10  2094.4  10.5 45 ± 3  
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3. Results and discussions 

3.1. Primary w1/o emulsion design 

The efficacy of SE O-170 compared to PGPR to stabilise water-in-oil 
emulsions containing salt (2.86 g SE O-170 or PGPR/100 g oil, 1.5 g 
salt/100 g water (w1), 30 g w1/ 100 g emulsion) was evaluated based on 
micrographs and Turbiscan data. Emulsions were processed using one of 
the two protocols summarised in Table 1, from here on referred to as 
processed with the Silverson or processed with the Ultra-Turrax. Fig. 2 
shows micrographs acquired on SE O-170 stabilised emulsions, and  
Fig. 3 concerns PGPR stabilised emulsions. 

The w/o emulsions stabilised with SE O-170 were characterised by 
the presence of large droplet aggregates (Fig. 2A, C), and a primary 
emulsion droplet size cannot be sensibly estimated from these images. 
Similar microstructures have been reported in literature for w/o emul
sions stabilised with lecithin, sorbitan esters or sucrose esters dissolved 
in sunflower oil or olive oil as the continuous emulsion phase (Balcaen 
et al., 2017; Mazo Rivas et al., 2016; Ushikubo & Cunha, 2014). Ac
cording to Ushikubo and Cunha (2014) and Mazo Rivas et al. (2016), the 
formation of droplet aggregates in sucrose ester stabilised w/o emul
sions can be attributed to the self-assembly of the sucrose ester mole
cules dissolved in oil forming an entangled dynamic network and thus 
promoting aggregation in oil-based emulsions. Nevertheless, the ag
gregates could be somewhat disintegrated by shearing on a magnetic 
stirrer as evidenced in Fig. 2B and C for the Silverson and Ultra-Turrax 
processed SE O-170 stabilised emulsion, respectively. A similar obser
vation was previously made by Knoth et al. (2005). 

The micrographs acquired on the emulsions stabilised with PGPR 
(Fig. 3) show no evidence of droplet aggregation and a primary droplet 
size of less a few µm can be estimated from the micrographs. This dif
ference in behaviour between sucrose ester and PGPR has previously 
been reported by Balcaen et al. (2017) suggesting that the polymeric 
side chain of a PGPR molecule compared to the monomeric side chain of 
a sucrose ester might be responsible. In any case, PGPR is a well-known 
emulsifier for w/o emulsions, imparting long-range steric forces and 
repulsive barriers between adjacent droplets overcoming classical 

emulsion droplet instability phenomena such as droplet coalescence and 
flocculation/aggregation (Mazo Rivas et al., 2016; Middendorf et al., 
2015). Another observation was that the PGPR stabilised droplets were 
much smaller than the SE O-170 stabilised droplets, so small indeed that 
it is not possible to ascertain whether the emulsion processed with the 
Silverson (Fig. 3A) or the Ultra Turrax (Fig. 3B) had the finer droplet size 
spectrum. As for the SE O-170 stabilised emulsions, based on the mi
crographs (Fig. 2) alone it is also not possible to determine which of the 
two overhead mixers delivers a more stable emulsion. Hence, the sta
bility of the w/o emulsions was assessed using a Turbiscan and the re
sults are reported in Fig. 4 as delta backscattered (ΔBS) light intensity. 

A small negative ΔBS peak at the bottom of the sample tube (<1 mm 
tube length) observed for all four emulsions is caused by a volume of free 
water, indicating that a small degree of droplet coalescence occurred in 
all w/o emulsions. The ΔBS < 1 mm data was unchanged over the 7 days 
observation period suggesting that no further bulk phase separation took 
place. 

Emulsions stabilised with SE O-170 showed a negative ΔBS between 
3 and 35 mm (Fig. 4A, B) which would be caused by an increase in 
droplet size due to coalescence and/or flocculation (Márquez et al., 
2007; Pan et al., 2002). The data suggest that the SE O-170 emulsion 
processed with the Ultra-Turrax (Fig. 4B) showed a higher stability 
against coalescence and/or flocculation (Fig. 4A) as the ΔBS was slightly 
less negative over the 7-day observation period. A reduction in ΔBS at 
the top of the sample tube (35 – 40 mm) indicates the sedimentation of 
water droplets and is typically correlated with an increase in ΔBS at 1 – 
3 mm. The reduction in ΔBS at the top is evident for all four emulsions 
although in the case of the SE O-170 stabilised emulsions droplet sedi
mentation is either slowed or fully suppressed compared to the PGPR 
stabilised emulsions. This statement is supported by the observation of a 
positive ΔBS peak between 1 and 3 mm in case of PGPR but not SE 
O-170. The cause for this difference in behaviour would be sample 
microstructure (Figs. 2, 3) with the aggregated droplet structure in the 
SE O-170 locking the droplets in place. 

Both PGPR stabilised emulsions showed gravitational separation as 
indicated by the increase in ΔBS at 1 – 3 mm over the 7-day observation 
period (Fig. 4C, D). The increase, and the accompanying decrease in ΔBS 

Fig. 2. Microstructure of w/o emulsions containing 30 g aqueous phase/100 g emulsion stabilised with 2.86 g SE O-170/100 g oil and containing 1.5 g salt/100 g 
water. Emulsions were imaged immediately after processing with the Silverson (A) or the Ultra-Turrax (C). Emulsions were also imaged immediately after breaking 
up the clusters on a magnetic stirrer operating at 500 rpm (B, D). Scale bar = 100 µm. 
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at the top, is much more pronounced for processing with the Ultra- 
Turrax (Fig. 4D) than the Silverson (Fig. 4C) suggesting a finer droplet 
size spectrum and thus enhanced stability for the Silverson processed 
emulsion. At this point it is worth restating that the stability of the 
primary w1/o emulsion has previously been linked to the stability of the 
final w1/o/w2 emulsion (Leister & Karbstein, 2020). 

So, moving onto the preparation of the final w1/o/w2 emulsion, the 
SE O-170 stabilised w1/o emulsion was processed with the Ultra-Turrax 
device/protocol and the PGPR stabilised w1/o emulsion with the Sil
verson device/protocol. 

3.2. Final w1/o/w2 emulsion microstructure and salt encapsulation 
efficiency 

3.2.1. Microstructure and droplet size 
The microstructure of the two final prepared w1/o/w2 emulsions 

immediately after processing is depicted in Fig. 5. To facilitate com
parison of emulsion microstructure before and after in vitro digestion 

discussed later, micrographs of the microstructure after in vitro digestion 
are included in Fig. 5. The dark appearance of the oil droplets (Fig. 5) 
provides evidence for the successful entrapment of w1 droplets and thus 
the formation of a w/o/w emulsion (Garti et al., 1994; Kasprzak et al., 
2019; Pawlik et al., 2010). Oil droplets with a light appearance signify a 
less successful incorporation of w1 droplets or no incorporation at all, as 
is for example the case for a droplet located just above the centre of 
Fig. 5A. 

The mean droplet diameter droplet d[4,3] 1 day and 3 months after 
processing was 17.21 ( ± 1.36) μm and 20.95 ( ± 1.09) μm, respec
tively, for the SE O-170 stabilised emulsion, and 16.52 ( ± 1.11) μm and 
16.24 ( ± 0.76) μm, respectively, for the PGPR stabilised emulsion. 
Interestingly, the mean droplet size of both emulsions 1 day after pro
cessing was comparable, despite the clear difference in the microstruc
ture of the primary w1/o emulsions (Figs. 3, 4) although the aggregated 
microstructure of the SE O-170 stabilised w1 droplets was carried over 
into the processed w1/o/w2 emulsion as demonstrated in the cryo-SEM 
images shown in Fig. 6. 

Fig. 3. Microstructure of w/o emulsions containing 30 g aqueous phase/100 g emulsion stabilised with 2.86 g PGPR/100 g oil and containing 1.5 g salt/100 g water. 
Emulsions were imaged immediately after processing with the Silverson (A) or the Ultra-Turrax (B). Scale bar = 100 µm. 

Fig. 4. Delta Backscattering (% ΔBS) profiles of w1/o emulsions containing 30 g aqueous phase/100 g emulsion stabilised with 2.86 g SE O-170 (A, B) or PGPR (C, 
D)/100 g oil and containing 1.5 g salt/100 g water. Emulsions were imaged over a period of 7 days (immediately – 0 h, 1 h, 1 day, 3 days, 7 days) after processing 
with the Silverson (A, C)) or the Ultra-Turrax (B, D). Scale bar = 100 µm. 
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It appears though that the internal emulsion microstructure affected 
the storage stability, although the increase of the mean droplet diameter 
of the w1/o/w2 emulsion with SE O-170 as the lipophilic emulsifier by 
around 3 µm over a 3-months observation period (see above) is probably 
not of any consequence in practical application. The reason for this 
minimal increase in droplet size is unlikely to be due to droplet coa
lescence since it was not observed for the w1/o/w2 emulsions with PGPR 
as the lipophilic emulsifier. Long term stability of o/w emulsions sta
bilised with native starches, including WRS, against coalescence (o-o 
coalescence) and Ostwald ripening (o-o diffusion) has previously been 
reported (Gomez-Luria et al., 2019; Kasprzak et al., 2019; Villamonte 
et al., 2016; Zhao et al., 2017). It can therefore be assumed that diffusion 
processes between the two aqueous phases have occurred, which, due to 
the only minimal increase in droplet size may not be reflected in a 
change in salt encapsulation efficiency over storage. 

3.2.2. Salt encapsulation efficiency and in vitro salt release 
The salt encapsulation efficiency of the w1/o/w2 emulsion 

containing PGPR as the lipophilic emulsifier 1 day after processing was 
39.0 ( ± 1.9) % compared to 34.6 ( ± 1.3) % using SE O-170 as the 
lipophilic emulsifier. EE values measured after the 3-months observa
tion period were 39.7 ( ± 1.2) % and 33.3 ( ± 3.9) %, respectively. 
Compared to our earlier work on the PGPR containing emulsion system 
(Kasprzak et al., 2019) a ~4% higher EE value was found here, assumed 
to be due to the amended processing protocol. All four values reported 
here were higher than the theoretical value of 29%, indicating that a 
portion of w2 was incorporated into the oil droplets during the sec
ondary emulsification step. 

Both w1/o/w2 emulsions were subjected to amylase-mediated in vitro 
digestion for 30 s followed by determining salt release defined as the 
change in the quantity of salt in w2. Analysed 1 day after emulsion 
processing, the salt release values were 16.7 ( ± 1.5) % and 13.2 ( ± 1.0) 
% applying PGPR and SE O-170 as the lipophilic emulsifier, respectively. 
The corresponding values after the 3-months observation period were 
14.9 ( ± 0.7) % and 12.9 ( ± 2.0) %, respectively. As aforementioned, 
micrographs of the microstructure of the digested emulsions were 

Fig. 5. Microstructure of w1/o/w2 emulsions with SE O-170 (A, Ad) or PGPR (B, Bd) as lipophilic emulsifier imaged immediately after processing (A, B) and after in 
vitro digestion 1 day after processing (Ad, Bd). 100 g emulsion contained 0.135 g salt in w1, 0.33 g salt and 4 g WRS in w2, and 0.6 g lipophilic emulsifier (2.86 g/ 
100 g oil). Scale bar = 100 µm. 

Fig. 6. Cryo-SEM images of w1/o/w2 emulsions containing 30 g w1/o emulsion per 100 g emulsion. 100 g emulsion contained 0.135 g salt in w1, 0.33 g salt and 4 g 
WRS in w2, and 0.6 g lipophilic emulsifier (2.86 g/100 g oil). Images were acquired within 2 days of preparation. (A) relates to SE O-170 as lipophilic emulsifier and 
(B) to PGPR. 
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included in Fig. 5. The droplets were visibly larger hinting at in vitro 
digestion assay-induced droplet coalescence. As observed in our earlier 
work (Kasprzak et al., 2019), a large proportion of the imaged droplets 
still appeared dark suggesting that the release of w2 into w1 during the 
coalescence process was incomplete. The salt release of the PGPR con
taining w1/o/w2 emulsion recorded here was also comparable to what 
we found previously (Kasprzak et al., 2019). Formulating with SE O-170 
as the lipophilic emulsifier resulted in a lower value for salt release 
although, as was the case for using PGPR, the 3-months observation 
period did not affect the value. Reasons for the lower salt release in case 
of SE O-170 as the lipophilic emulsifier may be the lower salt encap
sulation efficiency, the aggregated network structure of the w2 droplets 
(Fig. 6) which might need to be broken up by mechanical forces (see 
Fig. 2) before w1-w2 coalescence can occur, and/or a stronger interfacial 
film caused by lipophilic and hydrophilic (gelatinised WRS) emulsifier 
interaction. 

4. Conclusions 

Sucrose ester SE O-170 can be utilised as lipophilic emulsifier to 
stabilise the internal water-in-oil emulsion of water-in-oil-in-water 
emulsions, with the internal aqueous phase containing a higher 
amount of dissolved salt (sodium chloride) than the external aqueous 
phase. Here, the oil/water interface was stabilised by gelatinised waxy 
rice starch as the emulsions were formulated for the release of the 
encapsulated salt during oral processing via amylase-mediated enzy
matic destabilisation of the emulsion microstructure. Processing of the 
emulsion microstructure in a high shear batch process was optimised for 
internal w/o emulsion microstructure, targeting smallest water droplet 
size and least aggregation. Even though, compared to the widely suc
cessfully applied PGPR as the lipophilic emulsifier in these formulations, 
at the same level, the water droplets were aggregated and larger in size. 
The aggregated microstructure carried forward into the w/o/w emul
sion and the mean droplet diameter droplet d[4,3] was similar to that of 
the PGPR containing w/o/w emulsion but increased slightly (from 
around 17 µm to around 21 µm) over the 3-months observation period. 
Salt encapsulation efficiency, decreasing by around 10% (from around 
40–36%) over the 3-months observation period, did not differ between 
the two formulations. The values are higher than the theoretical 
encapsulation efficiency revealing that external aqueous phase was 
incorporated into either oil phase during the second emulsification step 
(processing the o/w emulsion into the external aqueous phase). In vitro 
assessed salt release was slightly higher from the PGPR containing 
formulation but similar after the 3-months observation period, during 
which the values decreased by around 20% (from around 17–13% and 
15–13%, respectively). To conclude, sucrose ester SE O-170 is a viable 
replacement for PGPR in w/o/w emulsions designed for salt release 
during oral processing. Since the data for this study were acquired, 
Balcaen et al. (2021) have reported on phosphatidylcholine-depleted 
lecithin as a clean-label low-HLB emulsifier to replace PGPR in w/o 
and w/o/w emulsions. It would be interesting to assess their 
PGPR-alternative emulsifier in our salt-release formulations. 
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