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A B S T R A C T

This study aimed to investigate the role of modified breadfruit starch in the presence of Tween 80 for stabilizing
the oil-in-water emulsions. An ultra turrax homogenizer was used to produce coarse emulsions, followed by high-
pressure homogenization (HPH) or low-frequency ultrasonication (LFU) for fine emulsions. The breadfruit starch
was chemically modified using octenyl succinic anhydride (OSA) to produce modified breadfruit OSA starch
(BOSA). The dispersed phase was a mixture of palm and lemon oil in a 9:1 ratio. Two BOSA (1% and 2%), three oil
concentrations (10%, 25%, and 40%) and Tween 80 (1% of the total amount of oil) were examined based on the
emulsion stability. The Fourier transform infrared spectroscopy (FTIR) indicated that starch modification was
successful (Degree of Substitution-DS, 0.0241). The most stable coarse emulsions contained 40% oil and 2% BOSA
starch. The same formula produced fine emulsions that remained stable for over 42 days, regardless of the ho-
mogenization method. BOSA starch and Tween 80 exhibit a mixed stabilization effect on the oil-in-water
emulsions. HPH produced more uniformly sized emulsion droplets when compared with those produced using
LFU.
Practical applications

Combination of breadfruit OSA starch (BOSA) and Tween 80 can be
used to stabilize high-oil-load emulsions. Application of these mixtures
can be used to substitute oil and fat for creating fat-reduced or low-fat
food products such as margarine and butter. In addition, stabilization
of emulsion-based food products such as in mayonnaise and salad dres-
sing is also possible.

1. Introduction

The food emulsions are thermodynamically unstable and tend to
break down over time; therefore, stabilizers should be incorporated into
emulsions (McClements, 2015; Friberg et al., 2003). The stabilizers
comprise emulsifiers and texture modifiers depending on their mecha-
nisms for stabilizing the emulsions (Dickinson, 2003). Emulsifiers sup-
port the formation of emulsions and improve their stability by reducing
the interfacial tension and building protective thin layers around droplets
to prevent their aggregation (McClements, 2000).
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Emulsifiers, such as surfactants, stabilize the emulsions by the
adsorption of small surface-active molecules to the surface of the emul-
sion droplets. Surfactants reduce the surface and interfacial tension at the
oil-in-water (O/W) interfaces and forming film layers, thereby prevent-
ing droplet aggregation. Tween 80 or polysorbate is a nonionic surfactant
commonly used in food industries. Hsu and Nacu, 2003 studied behavior
of soybean oil-in-water emulsion stabilized by various nonionic surfac-
tants and found that at 10% (w/w) of Tween 80-oil proportion, the
emulsion droplets were larger if the weight percentage of the oil were
lower.

Certain proteins, polysaccharides, phospholipids, and solid particles
are examples of emulsifiers (Stauffer, 1999). The texture modifiers sta-
bilize the emulsions by increasing the viscosity of the aqueous phase to
minimize the movement of oil (Bais et al., 2005). Many polysaccharides
and proteins, such as starch and modified starch, cellulose and modified
cellulose, pectin, alginate, carrageenan, gelatin, whey protein, caseinate,
soy protein, and egg protein, are texture modifiers and can be used as
thickening and gelling agents (Cui, 2005).
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Starches have been extensively used as stabilizers in food industries,
mainly to create fat-reduced or low-fat food products. The stabilization of
food emulsions using starch granules is renowned as a form of stabili-
zation using solid particles, and such emulsions can be referred to as
Pickering emulsions. This type of emulsion was initially investigated by
Pickering (1907). During the previous decade, intensive research has
been conducted to investigate emulsion stabilization using starch (Tesch
et al., 2002; Timgren et al., 2013; Yusoff and Murray, 2011).

The modification of starch using octenyl succinic anhydride (OSA)
became a central research interest during the previous decade. The OSA
starches are recognized as important stabilizers because of their surface
active properties (Bao et al., 2003). They exhibit unique characteristics
because their hydrophilic sites gain hydrophobic elements in the form of
octenyl groups, resulting in the whole molecules exhibiting amphiphilic
characteristics. The stabilization mechanism based on OSA starches ex-
ploits the hydrophobic and steric contributions of OSA (Sweedman et al.,
2013).

TheOSAstarches are scientifically proven tobe excellent stabilizers for
food, cosmetics, and pharmaceutical applications (Chanamai and McCle-
ments, 2001; Viswanathan, 1999),mainly because they are soluble in cold
water. The OSA starches have also been used to stabilize the
emulsion-based products exhibiting low oil contents, such as beverages
(ChanamaiandMcClements,2001), andthosewithhighoil contents (more
than 80%), such as mayonnaise and salad dressings (Hayati et al., 2009).

Among the starch sources, the breadfruit starch can be potentially
used as a stabilizer in food emulsions. Anwar et al. (2016) explored the
possibility of the usage of native starches, including jicama, rice, and
breadfruit, as stabilizers in the O/W emulsions. Further, they observed
that the breadfruit emulsions were more stable when compared with the
rice and jicama emulsions. The breadfruit starch was further modified
using OSA to improve its stabilization ability. In another study, Anwar
et al. (2017) used a mixture of maltodextrin (7.5%) and breadfruit OSA
starch (BOSA, 7.5%) to stabilize 10% fish or microalgal oils under both
unheated and preheated conditions. Further, the results revealed that a
preheated mixture of maltodextrin and BOSA provided the highest sta-
bilization for both fish and microalgal oil emulsions. This study also
proved that BOSA was potentially suitable for usage as a stabilizer for
emulsions containing polyunsaturated fatty acids.

Based on the previous observations, this research was designed to
examine the ability of the BOSA starch to stabilize the O/W emulsions in
the presence of Tween 80 as a surfactant using a high-pressure homog-
enizer and a low-frequency ultrasound processor. The emulsions were
prepared using different oil concentrations (25% and 40%) for coarse
emulsion, (10%, 25%, and 40%) for fine emulsion, and the stabilization
ability of the low BOSA starch concentrations (1% and 2%) was tested.

Previous studies related to the interaction of polymer – surfactant in
emulsion revealed that micellar aggregation of surfactant and cloud point
can be altered by the presence of polymer in surfactant aqueous solution
(Alami et al., 1996). The interaction mechanisms of polymers particu-
larly protein and polysaccharide with surfactant might occur through
electrostatic and hydrophobic interactions (Singh and Nilsson, 1999).
Combination of hydrophobic and hydrophilic interactions was reported
occurred between xanthan gum and of Tween 80 as well as the formation
of hydrogen bond between them. The surface tension measurement
indicated that the interaction of polymer-Tween 80 mainly in the bulk.
The interaction mechanisms were also affected by the added polymer
concentration (Krstono�si�c et al., 2019).

2. Materials and methods

Breadfruit starch was extracted from the local breadfruits cultivated
in the Aceh Province, Indonesia. 2-octen-1-ylsuccinic anhydride was
purchased from Sigma-Aldrich (Singapore). Tween 80 (polysorbate) was
purchased from Merck, Darmstadt, Germany. The dispersed phase con-
tained palm oil (purchased from a local supermarket in Banda Aceh,
Indonesia) and Class A lemon oil (purchased from CV Karunia, Atsiri
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Harapan, Surabaya, Indonesia). Other chemicals were of analytical
grade. Further, double-distilled water was used to prepare all the emul-
sions in this study.

2.1. Breadfruit starch extraction and modification

The breadfruits were peeled, cut into small pieces, washed, and
blended to form a porridge. Water was then added to the starch porridge
in a 2:1 ratio, and the mixture was left for 24 h. There was no bleaching
treatment during the extraction process. Further, the starch slurries were
separated from the water by natural gravity. The sediment was decanted
and dried in an oven for 7 h at 50 �C. Subsequently, the dried starch was
collected and sieved at 60 mesh.

The modification of the breadfruit starch was initiated by dissolving
125 g of starch in distilled water, and the pH was adjusted using 2%
NaOH to 8.0� 0.2. 3% OSA was carefully added dropwise into the starch
suspension. During the modification process, the pH should be main-
tained between 8.0 - 8.5 by adding NaOH and continuously stirring for 2
h. Finally, the pH was reduced to 6.5 using HCl. The solution was washed
thrice using 250 ml of water, centrifuged at 5,000 rpm for 2–3 min, and
dried in an oven at 40 �C for 24 h (Bhosale and Singhal, 2006).

2.2. Determination of DS of BOSA

Determining the DS in BOSA involves the estimation of the average
number of hydroxyl groups substituted per glucose unit, which was
performed using the method of (Whistler and Paschall, 1967). Briefly,
OSA starch solution was prepared by dilution 5 g of OSA starch into 50ml
distilled water. Twenty-five ml of 0.5 N NaOH solution was added into
the modified starch solution and shaken for 24 h. Phenolphthalein was
used as an indicator before titration of excess alkali was performed with
0.5 N HCl. Similar procedure was done for native unmodified starch to
prepared a blank. The calculation of % OSA substitution was following
the equation:

%OSA subtitution¼ðV blank � V sampleÞ � 0:1� N � 100
W

(1)

where W ¼ weight of sample
N ¼ Normality of HCl solution
V blank ¼ volume of HCl required for blank titration
V sample ¼ volume of HCl required for sample titration

The degree of substitution (DS) was determined from % OSA substi-
tution as follows:

DS¼ 162� %OSA substitution
21; 000� ð209�%substitutionÞ (2)

where 162 ¼ molecular weight of glucose unit
21,000 ¼ 100 x molecular weight of octenyl succinyl group
209 ¼ molecular weight of octenyl succinyl group

The breadfruit starch was analyzed before and after modification with
OSA to characterize the degree of substitution (DS), and substitution
analysis was performed using Fourier transform infrared spectroscopy
(FTIR).

2.3. FTIR analysis

Hydroxyl group substitution by the carbonyl groups of OSA was
confirmed using FTIR (Wang et al., 2013). FTIR (Agilent Resolution Pro
Cary 630) was used to obtain the IR spectra of native starch and BOSA.
Briefly, the sample (1.5 mg) was ground with potassium bromide (KBr)
and pressed to form a pellet disk. The disk was placed in the sample
compartment and scanned over the wavelength range of 500–4600 cm�1.
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2.4. Preparation of coarse oil-in-water emulsions

In case of coarse emulsions, the aqueous OSA starch solutions (1%
and 2%) were prepared by dispersing the OSA starch in water at room
temperature, which was followed by heating to 60 �C for 10 min while
stirring to ensure the complete hydration of starch before homogeniza-
tion. The dispersed phase contained a mixture of palm and lemon oils at a
ratio of 9:1 (palm oil:lemon oil). Tween 80 was added (1% of the total
amount of oil) to the oils, and the mixture was homogenized using an
ultra turrax T25 homogenizer at 10,000 rpm for 1 min. Finally, 25% or
40% oil was slowly added to the starch solution, and homogenization
was continued at 14,000 rpm for 3 min.
2.5. Preparation of fine emulsions

Fine emulsions were produced using high-pressure homogenization
(HPH) and low-frequency ultrasonication (LFU). Two BOSA (1% and 2%)
and three oil concentrations (10%, 25%, and 40%) were examined based
on the emulsion stability. In both cases, emulsification was initiated by
the formation of a coarse emulsion (as mentioned above). For HPH, the
coarse emulsion was continued homogenized by passing the emulsion
thrice (three cycles) through a high-pressure homogenizer (GEA Niro-
Soavi Panda PLUS, Italy) at 300 bar. In case of LFU (20 kHz), a
laboratory-scale batch ultrasonic apparatus (Qsonica Q700 Sonicator,
USA) was used to further homogenized the coarse emulsion. The ultra-
sonic probe was centrally immersed in an 85-ml coarse emulsion. The
immersion depth was 1 cm with a sonication time of 180 s and an ul-
trasonic amplitude of 35%.
2.6. Measurement of the coarse emulsion stability

2.6.1. Viscosity
The emulsion viscosities were measured using a Brookfield DV-II þ

Pro Viscometer. Briefly, the emulsion was poured into a 600 ml beaker
glass and measurement conducted at � 28 �C with speed of 100 rpm. All
measurements were performed in triplicate and the viscosity was
expressed in centipoise (cP).

2.6.2. Creaming index (CI)
The emulsion stability was determined by testing the acceleration

using centrifugation (at 4500 rpm for 5 min) before calculating the
creaming index (CI, McClements, 2007). The emulsion CI was calculated
according to the following equation:

CI ¼ HS/HE � 100% (3)

Here,
HS ¼ Height of the serum layer (ml)
HE ¼ Height of the initial emulsion (ml)

2.6.3. Emulsifying activity (EA)
Additionally, the stability was examined by measuring the separation

of the cream and serum layers during storage for ten days and by
calculating the emulsifying activity (EA) according to the method pub-
lished by Wu (2001). The emulsions were kept in measuring cylinders
(10 ml) and stored at ambient temperature (�25 �C). Observation was
done daily by reading the separation volume of cream and serum layers.
EA was calculated as:

EAð%Þ¼ Height of emulsified layer
Total height of mixture in measuring cylinder

� 100% (4)

2.6.4. Droplet imaging via photomicroscope
In order to observe the droplets size and distribution, a drop of

emulsion was placed onto the microscope slide and covered carefully.
Images were then captured using Olympus photomicroscope (type
3

BX41TF - Tokyo, Japan) which was equipped with Olympus DP12 cam-
era. Themagnification of 40x was selected to produce photomicrographs.

2.7. Measurement of the fine emulsion stability

2.7.1. Average droplet diameter
The emulsion was prepared by dilution with distilled water in a 500-

ml beaker and gentle agitation using a glass rod. The emulsion droplet
diameter was subsequently determined by dynamic light scattering using
a Zetasizer Nano Particle Analyzer (Malvern Instruments, UK). A heli-
um–neon laser (4 mW) was operated at 633 nm with the scattering angle
being fixed at 173� and the temperature being maintained at 25 �C. All
the measurements were performed in triplicate (Li et al., 2010).

2.7.2. Monitoring the visible boundaries during storage
The emulsions were placed in 10-ml measuring cylinders, wrapped,

and stored at room temperature. The emulsion separation was observed
daily for 42 days to observe any visible boundary formation. Any sepa-
ration of oil, emulsion, and serum layers in the tube observed during the
storage was recorded.

2.7.3. Emulsion droplet imaging via transmission electron microscopy
The emulsion samples were dilutedwith distilled water 100 times and

were subsequently dropped on a Formvar/carbon 400-mesh Cu grid and
settled for 1 min before absorbing the excess water using a filter paper
and allowing them to dry. Two percent aqueous uranyl acetate was used
for negative staining. The grid was further placed in a sample holder,
inserted in the transmission electron microscopy (TEM) apparatus (FEI
Tecnai 2 Spirit 1200) and observed at a high tension of 120 kV. Images
were recorded using a MegaView G2 CCD camera (Olympus) (Xiang
et al., 2016).

2.8. Statistical analysis

All the experiments were performed in duplicate or greater. The
significant differences with respect to the coarse emulsion viscosity, CI,
EA, and average droplet size of the fine emulsions were analyzed using
two-way analysis of variance (ANOVA, P< 0.05). Statistical analysis was
conducted using SPSS version 20 (SPSS Inc., Illinois, USA). Significantly
different groups were compared using the least significant difference
(LSD) tests at a 95% confidence level.

3. Results and discussion

3.1. Starch characteristics

The modification of breadfruit starch resulted a degree of substitution
(DS) of 0.0241. The FTIR spectra of the breadfruit starch before and after
modification are presented in Figures 1 and 2. Generally, both the spectra
exhibit similar profiles, where broad peaks around 3400 cm�1 indicate
the presence of hydroxyl groups (O–H) as reported in many other liter-
atures (Bai et al., 2009; Cui, 2005; Shingel, 2002). The peaks at
approximately 2900 cm�1 represent the C–H stretching vibration,
whereas those around 1600 cm�1 represent the adsorbed water bending
vibration (Cui, 2005; Miao et al., 2014; Simsek et al., 2015). Five peaks in
the fingerprint region of starch, renowned as the characteristic peaks of
starch, appear at 800–1200 cm�1, indicating the stretching of the C–O
stretching (Miao et al., 2014).

Figure 2 confirms that the esterification was successful. This was
proved by the existence of two additional absorption bands at 1720 and
1560 cm�1. As reported by many other studies, the peak at 1720 cm�1

represents the C¼O stretching vibration of an ester carbonyl group,
whereas that at 1560 cm�1 corresponds to the stretching vibration of the
carboxylate RCOO� (Wang et al., 2013; Miao et al., 2014). These results
denote that the hydroxyl groups in the starch are substituted with the
ester carbonyl and carboxyl groups of OSA (Simsek et al., 2015).



Figure 1. The Fourier transform infrared spectroscopy spectra of the native breadfruit starch.
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3.2. Stability of the coarse emulsion

3.2.1. Viscosity
Viscosity is defined as the flow resistance of the fluid and the gradual

deformation of the fluid by shear stress; in case of liquids, it is related to
the concept of thickness (Viswanath et al., 2007). Figure 3 presents the
effects of the oil and BOSA starch concentrations on the coarse emulsion
viscosity. Statistical analysis has denoted that both the variables signif-
icantly affect the emulsion viscosity. An increase in the oil content
increased the viscosity. A viscous emulsion prevents the movement of
droplets and minimizes the droplet coalescence. This is consistent with
the observation of Doki�c et al. (2012), who denoted that a large amount
of dispersed phase in an emulsion that was stabilized by the OSA starch
reduced the separation of cream in an emulsion.

In this research, viscosity is also related to the amount of added
surfactant (Tween 80), which was 1% of the total oil. In an O/W emul-
sion, stabilization by a surfactant can be attributed to its lipophilic tails,
which strongly interact with oil, and hydrophilic heads, which adsorb
onto the water or the dispersed phase. An increase in the BOSA starch
concentration also significantly affected the emulsion viscosity. A pre-
vious research underlined the stability of menhaden oil-in-water emul-
sion can be improved by increasing the emulsifiers content which lead to
the increased viscosity of the aqueous phase and counteracting floccu-
lation of dispersed phase (Sun and Gunasekaran, 2009). Despite facili-
tates effective immobilization of dispersed oil droplets, emulsion with
high viscosity also inhibiting gravity-induced creaming and serum sep-
aration during storage period (Dickinson, 2018).

3.2.2. Creaming index
This method is useful for evaluating and predicting the emulsion shelf

life by indicating the coarse emulsion phase separation. The CI is an
Figure 2. The Fourier transform infrared spectroscopy spectra of the
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emulsion stability tool, where a high CI indicates low emulsion stability
during storage. Figure 4 presents the CI results, where both the variables
observed, significantly affect the CI. Centrifugation accelerated the
coarse emulsion separation and forced the oil droplets to agglomerate
and produce larger droplets. This subsequently resulted in an increased
CI. In this research, an increase in the oil and OSA starch concentrations
was observed to decrease the CI. A coarse emulsion prepared with 40%
oil and stabilized using a mixture of 2% OSA and Tween 80 exhibited the
lowest CI. Several studies reported that increasing the volume of
dispersed phase also resulting for improved emulsion stability. Sun and
Gunasekaran (2009) found that increasing the oil phase from 5-50%
causing delayed in the creaming process mainly because of the greater
packing of oil droplets in a volumetric unit. As the consequences, the
emulsion viscosity increased and emulsion droplets migration retarded.
This is also in agreement with Dickinson and Golding (1997). They
indicated that the emulsion creaming was determined by the oil-phase
volume fraction. Increasing the volume fraction of oil droplets can low-
ered the creaming rate due to the enhanced of emulsion viscosity.

Although centrifugation accelerated the separation, CI remained low
in this study for coarse emulsions prepared using 2% BOSA. This indi-
cated that most of the oil droplets were kept stable against separation
forces using sufficient quantities of stabilizers, which, in this case, was a
mixture of the surfactant (Tween 80) and the heated BOSA. The syner-
getic effects of high oil concentration and a mixture of Tween 80 and
BOSA played an important role to stabilize the emulsion. It has proved
that a thicker continuous phase creates more drag on the dispersed phase.

The roles of Tween 80 and biopolymers interaction in stabilizing food
emulsion were also underlined by many others. Incorporation of skim
milk powder þ Tween 80 produced walnut oil emulsion with smallest
droplets size. This was mainly caused by its better packing of small am-
phiphiles thus reduced the surface tension and interfacial free energy of
modified breadfruit octenyl succinic anhydride starch (BOSA).



Figure 3. The effects of the oil and BOSA concentrations on the coarse emulsion
viscosity: A) 1–2 % BOSA; B) 25–40% Oil. Each bar with different letters a or b
are significantly different (p < 0.05).

Figure 4. The effects of the oil and BOSA concentrations on the creaming index
of the coarse emulsions: A) 1–2 % BOSA; B) 25–40% Oil. Each bar with different
letters a or b are significantly different (p < 0.05).

S.H. Anwar et al. Heliyon 6 (2020) e04341
the emulsion (Shamaei et al., 2017). Another study revealed that Tween
80 was also able to interact with gelatin based on the molecular structure.
Interaction of branched Tween 80 molecules with gelatin caused changes
in surface properties and emulsion viscosity (Sovilj et al., 2013).

3.2.3. Emulsifying activity
This measurement was conducted to observe the coarse emulsion

separation by monitoring the visible boundary formation. The height of
the emulsified layer (cream) or the remaining layer (serum) in the tube
during storage was noted. The stability was expressed as the EA, as
depicted in Figure 5.

As shown in Figure 5, reducing the concentrations of the BOSA starch
and oil decreased the EA. However, the highest combined content of both
the variables (2% BOSA starch and 40% oil) increased the EA. The
decreasing EA observed in Figure 5 could be explained by the lower
viscosity of emulsion prepared with lower concentration of oil (25%) and
BOSA (1%). This condition allowed higher mobility of the dispersed
phase, causing coalescence or flocculation, increased the probability of
droplet aggregation thereby lead to emulsion instability.

The highest EA was 95.3%, which was observed on the first day of
storage. Although a decreasing trend was observed, no significant decline
(p > 0.05) could be observed up to seven days of storage. The EA slightly
decreased to 85.3% at the end of storage (10 days). Similar patterns were
perceived for the remaining two combinations (1% OSA starch and 40%
oil; 2% OSA starch and 25% oil). The EA values for these combinations
were almost identical throughout the storage period, and no significant
decline (p > 0.05) could be observed among them.
5

3.2.4. Emulsion droplet distribution
The emulsion droplet distribution was measured to evaluate the size

and distribution of emulsion droplets using a light microscope with 40�
magnification. The results are presented in Figure 6, which illustrates
polydisperse droplets with various sizes that partially coalesced to form
large droplets. Figure 6c and d denotes the distribution of emulsion
droplets with an oil concentration of 40%. It can be observed that the
number of droplets is higher than that observed in the previous
Figure (6a and b). Adding 2% OSA starch results in a uniform droplet
size; coalescence can be minimized even though some droplet aggrega-
tion cannot be avoided.

3.3. Stability of fine emulsions

3.3.1. Average droplet size in fine emulsions
The average droplet diameter in fine emulsions was measured using a

Malvern Zetasizer Nano Instrument after both HPH and LFU were con-
ducted. The results are presented in Figure 7, where the lowest average
droplet diameter (765 nm or 0.765 μm) was achieved using an emulsion
prepared by LFU with 10% added oil. LFU also produced a micron-size
emulsion (1.370 μm) after the incorporation of 40% oil. Although both
the aforementioned processes exhibited similar trends, the average
droplet diameter increased with increasing oil addition to the LFU
emulsions only (p < 0.05), however the increments were statistically not
significant (p > 0.05) in the HPH emulsion. HPH produced a more uni-
form average droplet size (0.964–1.099 μm), as can be seen in Figure 8a,
when compared to that produced by LFU (Figure 8b).



Figure 5. The emulsifying activity of the coarse emulsion during the storage test. The bars in each day of storage (where the samples prepared in different conditions)
followed by different letter a, b or c are significantly different (p < 0.05).
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HPH and LFU exhibit distinct differences. LFU is based on mechanical
vibrations, which are amplified and transmitted down the length of a
probe or horn to which the tip is attached. During emulsification, rapid
tip vibration causes cavitation by which microscopic bubbles are
observed to form and collapse (Servant et al., 2001). Tremendous energy
is released in the cavitation field when thousands of cavitation bubbles
collapse. Further, the fluid mechanism in LFU is determined by the
Figure 6. Microscopic images of the coarse emulsion: (a) 25% oil and 1% BOSA, (b) 4
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erosion and shock effects of the collapsing cavitation bubble. Therefore,
the primary dispersed oil in an emulsion can rapidly break down into
droplets of micron and submicron sizes (Gogate et al., 2011; Abismaı€l
et al., 1999).

As depicted in Figure 7, the average droplet diameter increased
significantly as the oil percentage increased from 10% to 40% when a
fine emulsion was homogenized using LFU (confirmed by particle size
0% oil and 1% BOSA, (c) 25% oil and 2% BOSA, and (d) 40% oil and 2% BOSA.



Figure 7. The droplet size of the fine emulsions measured using a particle size
analyzer: (a) comparison of HPH and LFU based on oil percentage (25%–40%);
(b) comparison of HPH and LFU based on BOSA percentage (1%–2%). Each bar
with different letters a or b are significantly different (p < 0.05).
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distribution in Figure 8b). This indicates that the ultrasonication is effi-
cient when the proportion of dispersed phase in emulsion is lower. The
acoustic energy emanating from the probe tip can be absorbed efficiently
in this case. Further, the size reduction in LFU is attributed to the high
shear forces associated with the ultrasonic cavitation in liquid media
(Trujillo and Knoerzer, 2011).

Significant increment in the average droplet diameters when 40% of
oil was added can be caused by the increase of dispersed phase volume
which required more energy to break the oil into small droplets. In fact,
the supplied energy for emulsification process remained the same (either
for 10% oil or 40% oil) thus the same level of power dissipation cannot
break the droplets efficiently at higher oil volume, and hence, the droplet
size increased (Ramisetty et al., 2015).

However, the differences between the average droplet diameters of
the fine emulsions prepared using HPH were not statistically significant
(p > 0.05) as shown in Figure 7a, b and confirmed by Figure 8a. This
indicated that the average droplet diameter was not significantly influ-
enced by the percentage of added oil. In this study, the HPH mechanism
allows emulsion stabilization with a wide range of oil loads, i.e., 10%,
25%, and 40%. A similar observation was reported by Silva et al. (2015);
here, the oil content of the nanoemulsions prepared by HPH did not
significantly affect the hydrodynamic diameter (Hd) in statistical terms.

HPH splits large droplets of a previously prepared coarse emulsion
into smaller droplets using high pressure through a narrow gap or a
small-diameter hole (Kaci et al., 2017). The emulsion droplet formation
by this process is dependent on the droplet break up and coalescence. The
droplet break-up is controlled by the amount and type of shear given by
the device as well as the droplet resistance to deformation (Tadros et al.,
2004). Additionally, the droplet coalescence rate is governed by how
7

quickly the surfactant can be absorbed into the surface of a newly formed
droplet, the type and concentration of the surfactant, and the surface
activity of the surfactant (McClements, 2015).

This research used a combination of surfactant (Tween 80), which
constituted 1% of the total oil content, with 1% or 2% BOSA. The per-
centage of BOSA was calculated based on the final emulsion volume.
Tween 80 has three polyoxyethylene (POE) chains derived from poly-
ethoxylated sorbitan and oleic acid which is able to reduce the surface
tension. Similarly, OSA starch can behave as surface-active molecules
(Nilsson and Bergenståhl, 2007) and also called as a new class of poly-
meric surfactant (Holmberg et al., 2002) which exhibit typical behavior
for polyelectrolyte aqueous solution and reduced viscosity at low
concentration.

Although the average droplet diameters for the LFU emulsions were
statistically significant (p < 0.05), the results denoted that the average
droplet diameters of HPH emulsions were not statistically significant (p>

0.05) regardless of the BOSA percentage used (Figure 7b). This obser-
vation is consistent with that of O'Sullivan et al. (2014). They also
observed no significant differences between the emulsion droplet sizes at
emulsifier concentrations greater than 0.5 wt.% for emulsions fabricated
with Tween 80 and for the milk protein isolate prepared by high-pressure
valve homogenization.

A minimum stabilizer (surfactant and modified starch combination)
concentration is required for stabilizing the emulsion interface. If this
condition is fulfilled then a submicron-size emulsion can be obtained.
However, once a sufficient concentration is reached, excess stabilizer will
remain in the continuous phase (O'Sullivan et al., 2015). The highest
average droplet diameter (1.340 μm) was observed for an emulsion
prepared by LFU with 40% added oil. This condition can be caused by the
recoalescence of the emulsion droplets because of insufficient amount of
surfactant and BOSA. The factors involved in the recoalescence phe-
nomena using ultrasonic equipment were also highlighted by Jafari et al.
(2007). A combination of the low adsorption rate of emulsifier and the
high energy density can be considered to be the most important factor.
The former was related to a low emulsifier concentration, whereas the
latter was related to ultrasonication, where the amount of droplet colli-
sion increases, particularly in the emulsification area close to the probe
tip.

3.3.2. Fine emulsion droplet size and shape using transmission electron
microscopy

The droplets of a fine emulsion were carefully evaluated using TEM to
observe their size and shape. Figure 9a depicts the emulsion droplets at
18,500� magnification, where small oil droplets (<100 nm) were
observed to aggregate to form large entities. A similar figure was ob-
tained by Silva et al. (2015) in which a nanoemulsion of the MCT oil was
observed to be stabilized by anionic, cationic, and nonionic surfactants.
Figure 9b and c denote the emulsion droplets at 37,000� magnification.
These figures show relatively round droplets surrounded by dark layers
that are considered to be surfactants and modified starch layers absorbed
into the interfacial membrane. Similar findings also reported by Sj€o€o
et al. (2015). They showed the oil droplets surrounded by the barrier
layer formed by gelatinization of heat-treated starch at the interface.
These starch layers were confirmed from the micrographs as the dark
layers at the interface. In another study done by Fernandez-Avila and
Trujillo (2016), the dark layers resembled the protein layers surrounding
the oil droplets.

3.3.3. Visible boundaries of fine emulsion during storage
Fine emulsions were stored at room temperature, and their stability

was monitored for 42 days. Figures 10 and 11 denote the stability of the
emulsions prepared by LFU and HPH, respectively. As depicted in
Figure 10, all the LFU emulsions were stable for 13 days except for the
M2P2 emulsion (a mixture of 25% oil and 2% BOSA starch) in which
serum separation had already started 24 h after homogenization and
increased slowly until the end of the storage time. Similarly, the same



Figure 8. Particle size distribution of emulsion droplets based on intensity produced by: (a) HPH process and (b) LFU process.
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formula (M2P2), prepared using HPH, exhibited serum separation two
days after emulsification (Figure 11).

The lowest stability was exhibited by the M1P1 emulsions prepared
using both HPH and LFU. The M1P1 emulsion prepared by LFU
(Figure 10) was stable for only 13 days and started to separate the
following day. Over 4 ml of the serum layer was formed after 14 days of
storage, and oiling off occurred after 28 days. The oil phase was distinctly
observed (2.5 ml) at the end of the storage test (day 42). Similarly, the
M1P1 emulsion prepared by HPH exhibited a similar behavior
(Figure 11). Separation by oiling off was noticed on day 21 and increased
by more than 1 ml at the end of the storage test. The oil separation
phenomena in this study were observed for emulsions with the lowest oil
concentration, i.e., 10%; these emulsions exhibited the lowest average
droplet diameters (Figure 7). The lower stability of emulsions containing
10% oil phase could also be explained by the viscosity of the emulsion
where at 10% the emulsion viscosity is lower, which allows higher
8

mobility of the droplets thus causing coalescence. According to Silva
et al. (2011), nanoemulsions with low sizes have a high tendency to
aggregate because they exhibit a considerable susceptibility to Brownian
motion. This condition may increase the probability of droplet collision,
leading to aggregation as a trigger for emulsion instability.

Generally, HPH produced more stable emulsions when compared
with those produced by LPU. The addition of 40% oil in each process in
combination with 1% and 2% BOSA starch resulted in improved emul-
sion stability. The most stable emulsions (42 days of storage) were those
prepared by 40% oil and 2% BOSA starch (M3P2) using either LPU or
HPH.

Starch modification by OSA improves the native starch properties,
particularly the solubility in cold water. Its application at high concen-
tration resulted in a low-viscosity emulsion and its emulsifier function
relies on short octenyl succinate side chains that drive the OSA molecules
to the interface and form a strong film, and amylopectin prevents the



Figure 9. The fine emulsion droplet size and shape determined by transmission electron microscopy at: (a) 18,500� magnification, (b) and (c) 37,000�
magnification.

Figure 10. The stability test on fine emulsions prepared by LFU process based on the formation of visible boundaries during storage at room temperature.

Figure 11. The stability test on fine emulsions prepared by HPH process based on the formation of visible boundaries during storage at room temperature.
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droplet agglomeration (Dickinson, 2009). These observations are also
presented in previous studies (Doki�c et al., 2012; Tesch et al., 2002),
where OSA starch produced stable emulsions at low concentrations (1%–

2%).
This investigation used BOSA dispersion in water, which was heated

to 60 �C and hold for 10 min. Oil was added to the continuous phase at
room temperature, which was followed by continuous mixing. According
to our previous observation, the gelatinization temperature of BOSA
starch was �71 �C (Anwar et al., 2017). Heating BOSA to the
pre-gelatinization temperature (60 �C) caused the starch granules to
swell. Swollen granules may be disrupted during emulsification and
release starch molecules. Therefore, the oil droplets in the current study
may be stabilized by the starch molecules at the oil–water interface. This
is consistent with the observation from our earlier investigation (Anwar
et al., 2017). Sj€o€o et al. (2015) explained that heating starch before or
after emulsification induced a different stabilization mechanism. Stabi-
lization by intact starch granules can be observed when the emulsion was
not heated. However, when starch was heated prior emulsification then
the emulsion stabilized by the starch molecules leaching from starch
granules or fragments of gelatinized starch disrupted during the emul-
sification process.

This research revealed that a higher oil content was stabilized by only
2% BOSA starch to produce a stable emulsion (both coarse and fine
emulsions) when compared with the amount of stabilization by 1% OSA
starch. High percentage of oil produce dense emulsion droplets. The
addition of BOSA starch to such systems increased the emulsion viscosity.
A viscous continuous phase ensured stability by minimizing the droplets
movement in the system and preventing droplets aggregation and coa-
lescence. The presence of Tween 80 as a surfactant might be doubled the
droplet protection by forming a thin layer surrounding the oil droplets;
according to Porter (1994), this also reduced the interfacial tension.

Pichot (2010) explained the manner in which the
low-molecular-weight surfactant, including Tween 80, protects the oil
droplets. Immediately after homogenization, the droplet size was
observed to drastically decrease, whereas the “naked” interfacial area
rapidly increased. Under these conditions, Tween 80 quickly assembled
at the newly formed interface, promoting further break-up by reducing
the interfacial tension and stabilizing the emulsion.

This study explored the stabilization mechanism by adding a mixed
emulsifier (BOSA starch and low-molecular-weight surfactant) to the O/
W emulsion. The stability provided by a mixed emulsifier system can be
explained by the aforementioned statement from Pichot (2010). Addi-
tionally, the BOSA starch plays an important role not limited to thick-
ening the continuous phase because it also functions as an emulsifier
(polymeric surfactant). Therefore, all the available oil–water interfaces
can be coated with double layers formed by both the surfactant and OSA
starch.

Tween 80 is an O/W surfactant, and this type of surfactant emulsion
microstructure is dependent on the surfactant concentration. The
displacement of colloidal particles (OSA starch) from the interface is
possible when the surfactant concentration increases because of strong
competition among the particles for absorption at the interface and the
interaction between the surfactant and the particles (Pichot, 2010).

In this study, the synergistic effect of Tween 80 and BOSA on surface
tension could be a result of surface-active complex formation of mixture
stabilizers on emulsion interface. Chanamai and McClements (2002);
Charoen et al. (2011) and Dickinson (2018) stated that droplets coated
with OSA starch remain highly stable with respect to coalescence and
flocculation once the state of surface saturation has been reached. Ac-
cording to Nilsson et al. (2007), amylopectin fraction in OSA starch is
responsible for interfacial functionality and during emulsification pro-
cess these big molecules are quickly moved to the newly created oil-water
interfaces. The proportion of amylopectin in BOSA starch was dominant
(72.38%) compared to only 27.62% of amylose (Anwar et al., 2016). The
amylopectin structural attributes that contribute to the steric stabiliza-
tion effectiveness are its large molecule size, its high backbone rigidity
10
and its extensive chain branching (Sweedman et al., 2013; Doki�c et al.,
2008).

4. Conclusions

This study proved that the BOSA starch is a potential stabilizer for the
O/W emulsions. The concentrations of the BOSA starch and oil signifi-
cantly affected the emulsion viscosity, CI, and EA. Increasing the BOSA
starch and oil concentrations improved the emulsions stability. A coarse
emulsion that was prepared by adding 40% of oil and 2% of BOSA starch
was observed to be the most stable, exhibited the lowest CI with EA of
85.3% after 10 days of storage. Increased the volume fraction of oil
droplets enhanced emulsion viscosity thus created more drag on the
dispersed phase. The same formula also produced fine emulsions that
remained stable for more than 42 days, regardless of the homogenization
method. HPH produced a more uniform average emulsion droplet size
when compared to that produced by LFU. HPH mechanism allows
emulsion stabilizationwith a wide range of oil loads whereas LFU process
is efficient when the proportion of dispersed phase in emulsion is lower.
The oil droplets were kept stable against separation forces using suffi-
cient quantities of stabilizers, which was a mixture of Tween 80 and the
heated BOSA. The heated BOSA resulted stabilization by the starch
molecules at the oil–water interface. BOSA starch plays important roles
not limited to thickening the continuous phase but also functions as an
emulsifier (polymeric surfactant). We assume that all the available oil–-
water interfaces may be coated with double layers formed by both the
surfactant and BOSA starch. Future research should be done to investi-
gate other methods to modify the breadfruit starch to meet certain
criteria so that it is applicable not only in food application but also in
related fields.

Declarations

Author contribution statement

Sri H. Anwar: Conceived and designed the experiments; Performed
the experiments; Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data; Wrote the paper.

Dian Hasni: Performed the experiments; Analyzed and interpreted the
data; Wrote the paper.

Syarifah Rohaya, Miranda Antasari: Performed the experiments;
Analyzed and interpreted the data.

Christina Winarti: Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data.

Funding statement

This work was supported by The Ministry of Research, Technology
and Higher Education of Republic of Indonesia [025/SP2H/LT/DRPM/
II/2016 (IPTEK)].

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

Abismaı€l, B., Canselier, J.P., Wilhelm, A.M., Delmas, H., Gourdon, C., 1999.
Emulsification by ultrasound: drop size distribution and stability. Ultrason.
Sonochem. 6, 75–83.

Alami, E., Almgren, M., Brown, W., 1996. Interaction of hydrophobically end-capped
poly(ethylene oxide) with nonionic surfactants in aqueous solution. Fluorescence and
light scattering studies. Macromolecules 29, 5026–5035.

http://refhub.elsevier.com/S2405-8440(20)31185-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref1
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref2
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref2


S.H. Anwar et al. Heliyon 6 (2020) e04341
Anwar, S.H., Rahmah, M., Safriani, N., Hasni, D., Rohaya, S., Winarti, C., 2016.
Exploration of breadfruit, jicama, and rice starches as stabilizer in food emulsion. Int.
J. Adv. Sci. Eng. Inf. Technol. 6, 141–145.

Anwar, S.H., Safriani, N., Asmawati, Zainal Abiddin, N.F., Yusoff, A., 2017. Application of
modified breadfruit (Artocarpus altillis) starch by Octenyl Succinic Anhydride (OSA)
to stabilize fish and microalgae oil emulsions. Int. Food Res. J. 24, 2330–2339.

Bai, Y., Shi, Y.-C., Wetzel, D.L., 2009. Fourier transform infrared (FT-IR)
microspectroscopic census of single starch granules for octenyl succinate ester
modification. J. Agric. Food Chem. 57, 6443–6448.

Bais, D., Trevisan, A., Lapasin, R., Partal, P., Gallegos, C., 2005. Rheological
characterization of polysaccharide–surfactant matrices for cosmetic O/W emulsions.
J. Colloid Interface Sci. 290, 546–556.

Bao, J., Xing, J., Phillips, D.L., Corke, H., 2003. Physical properties of octenyl succinic
anhydride modified rice, wheat, and potato starches. J. Agric. Food Chem. 51,
2283–2287.

Bhosale, R., Singhal, R., 2006. Process optimization for the synthesis of octenyl succinyl
derivative of waxy corn and amaranth starches. Carbohydr. Polym. 66, 521–527.

Chanamai, R., McClements, D.J., 2002. Comparison of gum Arabic, modified starch, and
whey protein isolate as emulsifiers: influence of pH, CaCl2 and temperature. J. Food
Sci. 67, 120–125.

Chanamai, R., McClements, D.J., 2001. Depletion flocculation of beverage emulsions by
gum Arabic and modified starch. J. Food Sci. 66, 457–463.

Charoen, R., Jangchud, A., Jangchud, K., Harnsilawat, T., Naivikul, O., McClements, D.J.,
2011. Influence of biopolymer emulsifier type on formation and stability of rice bran
oil-in-water emulsions: whey protein, gum Arabic, and modified starch. J. Food Sci.
76, E165–E172.

Cui, S.W., 2005. Food Carbohydrates: Chemistry, Physical Properties, and Applications.
CRC Press.

Dickinson, E., 2018. Hydrocolloids acting as emulsifying agents – how do they do it? Food
Hydrocolloids, A Festschrift in honour of Professor Glyn O. In: Phillips at His 90th
Birthday 78, pp. 2–14.

Dickinson, E., 2009. Hydrocolloids as emulsifiers and emulsion stabilizers. Food
Hydrocolloids 23, 1473–1482, 9th International Hydrocolloids Conference.

Dickinson, E., 2003. Hydrocolloids at interfaces and the influence on the properties of
dispersed systems. Food Hydrocolloids 17, 25–39.

Dickinson, E., Golding, M., 1997. Rheology of sodium caseinate stabilized oil-in-water
emulsions. J. Colloid Interface Sci. 191, 166–176.

Doki�c, L., Krstono�si�c, V., Nikoli�c, I., 2012. Physicochemical characteristics and stability of
oil-in-water emulsions stabilized by OSA starch. Food Hydrocolloids 29, 185–192.

Doki�c, P., Doki�c, L., Dap�cevi�c, T., Krstono�si�c, V., 2008. Colloid characteristics and
emulsifying properties of OSA starches. In: H�orv€olgyi, Z.D., Kiss, �E. (Eds.), Colloids
for Nano- and Biotechnology, Progress in Colloid and Polymer Science. Springer
Berlin Heidelberg, pp. 48–56.

Fernandez-Avila, C., Trujillo, A.J., 2016. Ultra-High Pressure Homogenization improves
oxidative stability and interfacial properties of soy protein isolate-stabilized
emulsions. Food Chem. 209, 104–113.

Friberg, S., Larsson, K., Sj€oblom, J. (Eds.), 2003. Food Emulsions, Food Science and
Technology. CRC Press.

Gogate, P.R., Sutkar, V.S., Pandit, A.B., 2011. Sonochemical reactors: important design
and scale up considerations with a special emphasis on heterogeneous systems.
Chem. Eng. J. 166, 1066–1082.

Hayati, I.N., Man, Y.B.C., Tan, C.P., Aini, I.N., 2009. Droplet characterization and stability
of soybean oil/palm kernel olein O/W emulsions with the presence of selected
polysaccharides. Food Hydrocolloids 23, 233–243.

Holmberg, K., Jonsson, B., Kronberg, B., Lindman, B., 2002. Surfactants and Polymers in
Aqueous Solution, second ed. John Wiley & Sons, Inc.

Hsu, J.P., Nacu, A., 2003. Behavior of soybean oil-in-water emulsion stabilized by
nonionic surfactant. J. Colloid Interface Sci. 259 (2), 374–381.

Jafari, S.M., He, Y., Bhandari, B., 2007. Production of sub-micron emulsions by
ultrasound and microfluidization techniques. J. Food Eng. 82, 478–488.

Kaci, M., Arab-Tehrany, E., Desjardins, I., Banon-Desobry, S., Desobry, S., 2017.
Emulsifier free emulsion: comparative study between a new high frequency
ultrasound process and standard emulsification processes. J. Food Eng. 194,
109–118.

Krstono�si�c, V., Milanovi�c, M., Doki�c, L., 2019. Application of different techniques in the
determination of xanthan gum-SDS and xanthan gum-Tween 80 interaction. Food
Hydrocolloids 87, 108–118.

Li, X., Anton, N., Arpagaus, C., Belleteix, F., Vandamme, T.F., 2010. Nanoparticles by
spray drying using innovative new technology: the Büchi nano spray dryer B-90.
J. Contr. Release 147, 304–310.

McClements, D.J., 2015. Food Emulsions: Principles, Practices, and Techniques, third ed.
CRC Press, Boca Raton.

McClements, D.J., 2007. Critical review of techniques and methodologies for
characterization of emulsion stability. Crit. Rev. Food Sci. Nutr. 47, 611–649.

McClements, D.J., 2000. Comments on viscosity enhancement and depletion flocculation
by polysaccharides. Food Hydrocolloids 14, 173–177.

Miao, M., Li, R., Jiang, B., Cui, S.W., Zhang, T., Jin, Z., 2014. Structure and
physicochemical properties of octenyl succinic esters of sugary maize soluble starch
and waxy maize starch. Food Chem. 151, 154–160.

Nilsson, L., Bergenståhl, B., 2007. Adsorption of hydrophobically modified anionic starch
at oppositely charged oil/water interfaces. J. Colloid Interface Sci. 308, 508–513.
11
Nilsson, L., Leeman, M., Wahlund, K.-G., Bergenståhl, B., 2007. Competitive adsorption of
a polydisperse polymer during Emulsification: experiments and modeling. Langmuir
23, 2346–2351.

O’Sullivan, J., Arellano, M., Pichot, R., Norton, I., 2014. The effect of ultrasound
treatment on the structural, physical and emulsifying properties of dairy proteins.
Food Hydrocolloids 42, 386–396. Special Issue: Bridging the Divide between Food
and Pharma.

O’Sullivan, J., Murray, B., Flynn, C., Norton, I., 2015. Comparison of batch and
continuous ultrasonic emulsification processes. J. Food Eng. Food Struct. Design:
Innov. Food Struct. Prop. Relation. 167, 114–121.

Pichot, R., 2010. Stability and Characterisation of Emulsions in the Presence of Colloidal
Particles and Surfactants. The University of Birmingham.

Pickering, S.U., 1907. CXCVI.—Emulsions. J. Chem. Soc. Trans. 91, 2001–2021.
Porter, M.R., 1994. Handbook of Surfactants. Chapman and Hall, London.
Ramisetty, K.A., Pandit, A.B., Gogate, P.R., 2015. Ultrasound assisted preparation of

emulsion of coconut oil in water: understanding the effect of operating parameters
and comparison of reactor designs. Chem. Eng. Process: Process Intensification 88,
70–77.

Servant, G., Laborde, J.-L., Hita, A., Caltagirone, J.-P., G�erard, A., 2001. Spatio-temporal
dynamics of cavitation bubble clouds in a low frequency reactor: comparison
between theoretical and experimental results. Ultrason. Sonochem. 8, 163–174.

Shamaei, S., Seiiedlou, S.S., Aghbashlo, M., Tsotsas, E., Kharaghani, A., 2017.
Microencapsulation of walnut oil by spray drying: effects of wall material and drying
conditions on physicochemical properties of microcapsules. Innovat. Food Sci.
Emerg. Technol. 39, 101–112.

Shingel, K.I., 2002. Determination of structural peculiarities of dexran, pullulan and
gamma-irradiated pullulan by Fourier-transform IR spectroscopy. Carbohydr. Res.
337, 1445–1451.

Silva, H.D., Cerqueira, M.A., Souza, B.W.S., Ribeiro, C., Avides, M.C., Quintas, M.A.C.,
Coimbra, J.S.R., Carneiro-da-Cunha, M.G., Vicente, A.A., 2011. Nanoemulsions of
β-carotene using a high-energy emulsification–evaporation technique. J. Food Eng.
102, 130–135.

Silva, H.D., Cerqueira, M.A., Vicente, A.A., 2015. Influence of surfactant and processing
conditions in the stability of oil-in-water nanoemulsions. J. Food Eng. Food Struct.
Design: Innov. Food Struct. Prop. Relation. 167, 89–98.

Simsek, S., Ovando-Martinez, M., Marefati, A., Sjӧӧ, M., Rayner, M., 2015. Chemical
composition, digestibility and emulsification properties of octenyl succinic esters of
various starches. Food Res. Int. 75, 41–49.

Singh, S.K., Nilsson, S., 1999. Thermodynamics of interaction between some cellulose
ethers and SDS by titration microcalorimetry: I. EHEC and HPMC. J. Colloid Interface
Sci. 213, 133–151.

Sj€o€o, M., Emek, S.C., Hall, T., Rayner, M., Wahlgren, M., 2015. Barrier properties of heat
treated starch Pickering emulsions. J. Colloid Interface Sci. 450, 182–188.

Sovilj, V., Milanovi�c, J., Petrovi�c, L., 2013. Viscosimetric and tensiometric investigations
of interactions between gelatin and surface active molecules of various structures.
Food Hydrocolloids 32, 20–27.

Stauffer, C.E., 1999. Emulsifiers. Eagan Press.
Sun, C., Gunasekaran, S., 2009. Effects of protein concentration and oil-phase volume

fraction on the stability and rheology of menhaden oil-in-water emulsions stabilized
by whey protein isolate with xanthan gum. Food Hydrocolloids 23, 165–174.

Sweedman, M.C., Tizzotti, M.J., Sch€afer, C., Gilbert, R.G., 2013. Structure and
physicochemical properties of octenyl succinic anhydride modified starches: a
review. Carbohydr. Polym. 92, 905–920.

Tadros, T., Izquierdo, P., Esquena, J., Solans, C., 2004. Formation and stability of nano-
emulsions. Adv. Colloid Interface Sci. Emul. Fund. Pract. Appl. 108–109, 303–318.

Tesch, S., Gerhards, C., Schubert, H., 2002. Stabilization of emulsions by OSA starches.
J. Food Eng. 54, 167–174.

Timgren, A., Rayner, M., Dejmek, P., Marku, D., Sj€o€o, M., 2013. Emulsion stabilizing
capacity of intact starch granules modified by heat treatment or octenyl succinic
anhydride. Food Sci. Nutr. 1, 157–171.

Trujillo, F.J., Knoerzer, K., 2011. A computational modeling approach of the jet-like
acoustic streaming and heat generation induced by low frequency high power
ultrasonic horn reactors. Ultrason. Sonochem. 18, 1263–1273.

Viswanathan, A., 1999. Effect of degree of substitution of octenyl succinate starch on
enzymatic degradation. J. Polym. Environ. 7, 185–190.

Viswanath, D.S., Ghosh, T., Prasad, D.H.L., Dutt, N.V.K., Rani, K.Y., 2007. Viscosity of
Liquids: Theory, Estimation, Experiment, and Data. Springer, Netherland.

Wang, C., He, X., Huang, Q., Fu, X., Luo, F., Li, L., 2013. Distribution of octenylsuccinic
substituents in modified A and B polymorph starch granules. J. Agric. Food Chem. 61,
12492–12498.

Whistler, R.L., Paschall, E.F., 1967. Starch Chemistry and Technology, first ed. Academic
Press, New York.

Wu, Y.V., 2001. Emulsifying activity and emulsion stability of corn gluten meal. J. Sci.
Food Agric. 81, 1223–1227.

Xiang, N., Lyu, Y., Narsimhan, G., 2016. Characterization of fish oil in water emulsion
produced by layer by layer deposition of soy β-conglycinin and high methoxyl pectin.
Food Hydrocolloids 52, 678–689.

Yusoff, A., Murray, B.S., 2011. Modified starch granules as particle-stabilizers of oil-in-
water emulsions. Food Hydrocolloids 25, 42–55.

http://refhub.elsevier.com/S2405-8440(20)31185-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref3
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref4
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref5
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref6
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref7
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref8
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref8
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref8
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref9
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref10
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref11
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref13
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref14
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref15
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref16
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref17
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref18
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref19
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref20
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref21
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref22
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref23
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref24
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref63
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref25
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref26
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref27
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref28
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref29
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref30
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref31
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref31
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref31
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref32
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref33
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref34
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref35
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref36
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref37
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref38
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref39
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref40
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref41
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref42
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref43
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref44
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref45
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref46
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref47
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref48
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref49
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref50
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref51
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref52
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref53
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref54
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref55
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref56
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref57
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref64
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref58
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref59
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref60
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref61
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref62
http://refhub.elsevier.com/S2405-8440(20)31185-3/sref62

	The role of breadfruit OSA starch and surfactant in stabilizing high-oil-load emulsions using high-pressure homogenization  ...
	Practical applications
	1. Introduction
	2. Materials and methods
	2.1. Breadfruit starch extraction and modification
	2.2. Determination of DS of BOSA
	2.3. FTIR analysis
	2.4. Preparation of coarse oil-in-water emulsions
	2.5. Preparation of fine emulsions
	2.6. Measurement of the coarse emulsion stability
	2.6.1. Viscosity
	2.6.2. Creaming index (CI)
	2.6.3. Emulsifying activity (EA)
	2.6.4. Droplet imaging via photomicroscope

	2.7. Measurement of the fine emulsion stability
	2.7.1. Average droplet diameter
	2.7.2. Monitoring the visible boundaries during storage
	2.7.3. Emulsion droplet imaging via transmission electron microscopy

	2.8. Statistical analysis

	3. Results and discussion
	3.1. Starch characteristics
	3.2. Stability of the coarse emulsion
	3.2.1. Viscosity
	3.2.2. Creaming index
	3.2.3. Emulsifying activity
	3.2.4. Emulsion droplet distribution

	3.3. Stability of fine emulsions
	3.3.1. Average droplet size in fine emulsions
	3.3.2. Fine emulsion droplet size and shape using transmission electron microscopy
	3.3.3. Visible boundaries of fine emulsion during storage


	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


