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mulsions prepared by
microfluidization and ultrasonication:
characteristics and stability
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Rasool Abdul Nazeer*c and Soottawat Benjakul *ad

Shrimp oil (SO) nanoemulsions stabilized by fish myofibrillar protein, considered as functional foods, were

prepared via microfluidization and ultrasonication. The study explored varying microfluidization (pressure

and cycles) and ultrasonication (amplitude and sonication time) conditions that influenced emulsion

properties and stability. Ultrasonicated emulsions exhibited superior emulsifying properties, adsorbed

protein content, thermal stability, and centrifugal stability than microfluidized emulsions (p < 0.05).

Microfluidization at 6.89 and 13.79 MPa with 2 or 4 cycles yielded larger droplets (536 to 638 nm) (p <

0.05), while ultrasonication at 40% and 50% amplitude for 5, 10 and 15 min produced smaller droplets

(426 to 494 nm) (p < 0.05). Optimal conditions were obtained for microfluidization (13.79 MPa, 2 cycles)

and ultrasonication (50% amplitude, 10 min). Ultrasonicated emulsions had generally smaller d32 and d43,

lower polydispersity and higher z-potential than their microfluidized counterparts. Microstructural

analysis and CLSM images confirmed their superior stability during storage. SO nanoemulsions could be

applied as functional food.
1. Introduction

In recent years, individuals have been increasingly focused on
health and disease prevention, leading to rising demand for
food products enriched with functional ingredients.1 Further-
more, waste from shrimp processing industries has received
considerable interest due to the presence of notable bioactive
substances such as polyunsaturated fatty acids (PUFA), astax-
anthin and chitin derivatives.2 The oil extracted from shrimp
hepatopancreas is particularly abundant in n-3 fatty acids,
astaxanthin, fat-soluble vitamins and phospholipids.3 Several
studies have extensively demonstrated the health benets
associated with shrimp oil (SO) consumption. However, the
incorporation of lipophilic ingredients directly into food prod-
ucts is challenging due to their poor solubility and vulnerability
to lipid oxidation.4 Thus, extensive efforts have been made to
overcome these challenges to fulll the growing demand for
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functional foods. Previous reports have shown that delivery
systems such as emulsion, oleo gel, microcapsule and nano-
liposome can protect bioactive compounds from adverse envi-
ronments and enhance their bioavailability during digestion.5

Several natural and processed food products such as milk,
butter, soups, sausage, sauces, ice cream, salad dressing,
mayonnaise, etc. have been known as food emulsions.6 Emul-
sions are thermodynamically unstable. Therefore, active emul-
siers are employed to stabilize the emulsion. Proteins are
amphiphilic molecules with surface-active properties that
preferably adsorb at the interface and prevent droplet coales-
cence, stabilizing the emulsion.7

Fish meat is rich in protein and oen used for consumption
or processing into several products. Fish myobrillar protein
(FMP) is a major constituent of sh meat and exhibits excellent
functional properties. FMP has the potential to be used as an
emulsier in the production of SO-in-water emulsions.8 FMP
possesses two globular heads and a rod like a-helical tail. The
myosin in FMP forms interfacial lm by partially unfolding its
head domain and a-helical tail, exposing active sites such as
hydrophobic and sulydryl groups. The unique structure of
FMP allows it to act as an emulsier by adsorbing onto oil
droplets. Simultaneously, the tail portion of myosin contributes
to forming a network structure in the aqueous phase, thus
aiding in stabilization.7 This could be advantageous for the food
industry as it allows for the production of functional food
emulsions with high nutritional value and nutraceutical prop-
erties. Nanoemulsions are another type of emulsion having
RSC Adv., 2024, 14, 6135–6145 | 6135
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small droplet sizes ranging from 100 to 1000 nm.9 They offer
various benets over conventional emulsions such as great
stability, visual clarity and increased bioavailability of encap-
sulated compounds, making them appropriate for the food,
beverage, and pharmaceutical sectors.10 Moreover, the high
physical stability of the nanoemulsion is largely determined by
the small and homogenous distribution of oil droplets during
emulsication.11 Therefore, an effective emulsication tech-
nique is necessary to produce nanoemulsions that retain their
quality for an extended period. Among various emulsication
techniques, microuidization and ultrasonication have been
recognized as efficient methods due to their ability to produce
ne emulsions with desired functional properties.12

Microuidization is a high-pressure homogenization tech-
nology capable of producing homogeneous particles with
reduced size. As a uid passes through an interaction chamber,
the microuidizer generates strong shear and impact forces
that induce the creation of tiny droplet emulsion.13 On the other
hand, ultrasonication creates sound waves that dissipate
through liquid media, resulting in cavitation effect and its
efficacy depends on the frequency used. The pressure cycle
causes small voids in the liquid which eventually collapse
during the high-pressure cycle, resulting in high localized
turbulence, shear forces, pressures, and temperatures.14

Microuidization combines the intense shear rate, high-
frequency vibration, and hydrodynamic cavitation, while ultra-
sonication utilizes ultrasonic waves to create acoustic cavita-
tion.11 Since SO is rich in n-3 fatty acids and astaxanthin, it can
be used as a functional emulsion for food uses. SO emulsion
with FMP aims to mimic the composition of real food models
e.g.mayonnaise. Astaxanthin is a pigment in SO resembling the
color of egg yolk and the myobrillar protein (FMP) acts as an
emulsier which is known for its salt solubility and amphiphilic
nature. Given the health risks associated with excessive salt
intake, acetic acid solution was used to solubilize FMP via
protonation. The selection of low pH mimics food emulsion,
where vinegar is a key ingredient. Despite the familiarity of
microuidization and ultrasonication in emulsion preparation,
their comparison and information regarding the effect of
homogenization techniques on the production of nano-
emulsion remains scarce. Therefore, the objective of this study
was to produce and evaluate the effect of different homogeni-
zation techniques (microuidizer and ultrasound) under
varying operating conditions on the emulsifying, physical
properties, and stability of SO nanoemulsions. This study
addresses this gap by systematically evaluating the effectiveness
of homogenization techniques, particularly in the context of SO
nanoemulsions stabilized by FMP, a novel combination with
signicant implications for functional food development.

2. Materials and methods
2.1. Chemicals

Analytical grade chemicals were obtained from Sigma (St. Louis.
MO, USA). Solvents were procured from ACI Lab-scan (Bangkok,
Thailand). Soybean oil (SBO) was acquired from a local super-
market situated in Hat Yai, Songkhla, Thailand.
6136 | RSC Adv., 2024, 14, 6135–6145
2.2. Extraction of oil from the hepatopancreas of shrimp

The frozen hepatopancreas sourced from freshly caught Pacic
white shrimp (Litopenaeus vannamei) and preserved at−20 °C was
generously provided by Seafresh Industry Public CO., Ltd
(Chumphon, Thailand). SO was extracted from the hepatopan-
creas paste following the protocol outlined by Gulzar and
Benjakul.12
2.3. Preparation of sh myobrillar protein and its solution

Fresh Asian seabass was obtained from a local market in Hat Yai
(3–4 h aer capture). When the sh arrived, they were cleaned,
lleted, and minced with a blender. Mince was prepared,
thoroughly rinsed with cold distilled water (4 °C) and ltered
using a cheesecloth. The washing process was repeated three
times and centrifuged (3000 × g, 15 min, 4 °C) to obtain the
concentrated myobrillar protein.15

To prepare the FMP solution, the pellets were homogenized
(13 000 rpm, 1 min) in distilled water. The 50% acetic acid was
gradually added to the homogenate while stirring for 10 min to
obtain a pH of 3.0. The homogenate was then refrigerated at 4 °C
overnight with continuous stirring to ensure complete solubili-
zation. To eliminate any remaining undissolved substances, the
centrifugation (10 000× g, 20min, 4 °C) of solution was done. The
resulting supernatant was designated as sh myobrillar protein
(FMP). According to our previous research, a FMP concentration
of 15 mg mL−1 was the optimal level to produce a stable SO-in-
water emulsion.8 Biuret method was used to determine the
protein content of the FMP, in which BSA was used as the
standard.16
2.4. Preparation of shrimp oil-in-water emulsion

2.4.1. Coarse emulsion preparation. SO-in-water emulsions
were prepared. FMP solution (15 mg mL−1) containing 0.02%
sodium azide was served as the aqueous phase. The oil phase was
composed of a mixture of SO and SBO (30 : 70, v/v), specically
chosen to mitigate the shy odor associated with SO.8 Emulsion
preparation involved a two-stage process. In the initial stage,
coarse emulsions were prepared, in which 10 mL of the SO/SBO
mixture was homogenized with 30 mL of FMP at 11 000 rpm for
2 min at 4 °C.17 Subsequently, the coarse emulsion was homoge-
nized by either a microuidizer or an ultrasound probe.

2.4.2. Microuidization. The freshly prepared coarse
emulsion was further subjected to high-pressure microuidizer
(Microuidics, Model HC-5000, Stanwood, WA, USA) at pres-
sures of 6.89 and 13.79 MPa for 2 and 4 passes. For each
treatment, 200 mL of coarse emulsion was processed through
the microuidizer for two passes. Aer this initial processing,
one-third of the micro-uidized sample was collected for anal-
ysis. The remaining volume of the sample was subsequently
microuidized for an additional two passes using the
microuidizer.18

2.4.3. Ultrasonication. The coarse emulsion underwent an
ultrasonication process using an ultrasonic processor (Sonics,
Model VC 750, Sonic and Materials, Inc., Newtown, CT, USA) at
a frequency of 20 kHz ± 50 Hz and high-intensity power of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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750 W. During ultrasonication, the emulsion was exposed to
different amplitudes, including 40% and 50%, for varying
durations (5, 10 and 15 min). Temperature was maintained
below 10 °C, by placing the sample in the iced bath. The
ultrasonication was performed in a pulse mode (2s-on and 4s-
off).19 All the emulsions were immediately used for further
analyses.
2.5. Characterization of SO-in-water emulsions

2.5.1. Emulsifying properties. Emulsion activity index (EAI)
and emulsion stability index (ESI) were determined immedi-
ately aer the emulsion was prepared. To assess these indices,
samples were taken from the bottom of the tubes at 0 and
30 min.20 Subsequently, these samples were 2000-fold diluted
using a solution consisting of 1% (v/v) acetic acid and 0.1% (w/v)
SDS (AA-SDS). To prevent occulation, the mixture was vigor-
ously vortexed for 5 s. The absorbance at 500 nm was then read
using a spectrophotometer (UV-160, Shimadzu, Kyoto, Japan).

EAI
�
m2 g�1

� ¼ 2� 2:303� A0 �DF

C � L� ð1�BÞ � 10 000

ESIðminÞ ¼ A0 � Dt

A0 � A30

where A0 and A30 represent the absorbance measured at 0 and
30 min, respectively. DF stands for the dilution factor, while L
represents the path length of the cuvette in meters. C denotes
the initial protein concentration (g mL−1). B signies the oil
volume fraction (0.25). Lastly, Dt represents the time interval (30
min).

2.5.2. Adsorbed protein content (APC). Themethod of Silva
et al.21 was adopted for assessment of APC of the freshly
prepared SO-in-water emulsions. Five mL of the emulsion were
subjected to centrifugation (10 000 × g for 1 h, 25 °C). Aer
centrifugation, the oil droplets in the top phase were carefully
removed, leaving the unabsorbed protein in the bottom phase,
in which protein content (CS) was determined using the Biuret
method. In a similar manner, aqueous FMP was centrifuged
under identical conditions and the protein content in the
resulting supernatant (CA) was also examined. The initial
protein concentration of FMP before centrifugation was deno-
ted as CI. APC was computed as follows:

APC (%) = [(CA − CS)/CI] × 100

2.5.3. Thermal and centrifugal stability. To assess thermal
stability, emulsions were heated in a water bath at 100 °C for
20 min and then cooled to room temperature (25 °C) within
30 min.22 ESI was then evaluated. For centrifugal stability, 5 mL
of emulsion was subjected to centrifugation (3500 × g, 15 min).
Centrifugal stability was calculated and expressed in percent-
ages as guided by Gulzar and Benjakul.12

Centrifugal stability ¼ A� B

A
� 100
© 2024 The Author(s). Published by the Royal Society of Chemistry
where A is initial volume of emulsion before centrifugation and
B is volume of bottom phase aer centrifugation.

2.5.4. Droplet size, polydispersity index (PDI), zeta (z)
potential and occulation index (Fi). Droplet size, PDI, Fi and z-
potential were determined using a Zeta potential analyzer
(ZetaPlus, Brookhaven Instruments Corporation, Holtsville, NY,
USA). Before droplet size analysis, the emulsion was diluted
100-fold with a solution containing 1% (v/v) AA-SDS to disperse
any occulated droplets.23 To ensure the accurate measure-
ments, the manufacturer's recommendations were followed,
including setting the refractive index at 1.330 and the absorp-
tion at 0.001. The calculation of Fi was based on the d43 as
described by Benjakul et al.24

Fi ¼ d43 � SDS

d43 þ SDS

where d43 − SDS and d43 + SDS represent droplet diameter (d43)
without and with the addition of 1% (w/v) SDS, respectively.

2.5.5. Microstructure. An optical microscope (Olympus
IX70 with DP50, Shinjuku, Tokyo, Japan) was used to analyze
the microstructure of the emulsion.11 All observations were
made at a magnication of 40×.

2.5.6. Confocal laser scanning microscopic image (CLSM).
CLSM was conducted using an Olympus confocal microscope
(Model FV300, Tokyo, Japan).25 Before performing the analyses,
the emulsion was combined with Nile blue A at a 1 : 5 ratio and
manually stirred until uniformity was achieved. A 50 mL mixture
was placed on a slide and covered with a cover slip. To analyze
lipids, a uorescence mode was utilized, employing an excita-
tion wavelength of 533 nm and an emission wavelength of
630 nm. A Helium–Neon Red laser (HeNe-R) was used and
observations were made at a magnication of 400×.
2.6. Statistical analysis

All experiments and analyses were conducted in triplicate. A
completely randomized design (CRD) approach was imple-
mented. The data were subjected to analysis of variance
(ANOVA). Subsequently, Duncan's multiple range test was
employed to compare means. Statistical analysis was performed
using SPSS-23 soware (SPSS Inc., Chicago, IL, USA).
3. Results and discussion
3.1. Emulsifying properties

EAI and ESI of the SO nanoemulsion prepared using different
emulsication techniques with varying operating conditions are
given in Fig. 1A and B, respectively. When comparing two
emulsication techniques, ultrasonicated emulsion generally
exhibited superior emulsifying properties than microuidized
emulsion under the conditions used in the present study (p <
0.05). Overall, emulsion ultrasonicated at 50% amplitude for
10 min had the highest EAI and ESI (p < 0.05), whereas micro-
uidized emulsion at 13.69 MPa for 2 passes showed greater
emulsifying properties than the rest of microuidized emulsion
samples (p < 0.05). EAI evaluates the protein's capacity to
quickly adsorb on the surface of oil droplets to create and
RSC Adv., 2024, 14, 6135–6145 | 6137
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Fig. 1 Emulsion activity index, EAI (A) and emulsion stability index, ESI (B) of SO nanoemulsions stabilized by fish myofibrillar protein (FMP)
prepared using microfluidization and ultrasonication under varying operating conditions. MF-6.89/2, MF-6.89/4, MF-13.79/2, MP-13.79/4: SO
nanoemulsions microfluidized at 6.89 MPa and 13.79 MPa for 2 and 4 cycles, respectively. US-40/5, US-40/10, and US-40/15, US-50/5, US-50/
10, US-50/15: SO nanoemulsions ultrasonicated at 40% and 50% amplitude for 5, 10 and 15 min, respectively. Different lowercase letters on the
bar denote significant differences (p < 0.05). Bars represent the standard deviations (n = 3).
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stabilize the oil–water interface during homogenization.26 The
ability of emulsion to resist phase separation and sustain
smaller and uniform droplet dispersion is referred to as ESI.27

For microuidization, the increases in number of passes
from 2 to 4 at 6.89 MPa, EAI and ESI upsurged (p < 0.05). When 2
passes were used, EAI and ESI increased as the pressure
augmented from 6.89 to 13.79 MPa (p < 0.05) (Fig. 1). This
increase was plausibly due to the disruption effect of droplets
caused by turbulent ow and cavitation.28 Higher disruption of
droplets was related to more stable emulsion. During micro-
uidization, the coarse emulsion is pumped at high pressure
6138 | RSC Adv., 2024, 14, 6135–6145
into an interaction chamber, where it is divided into two or
more microstreams and collides with each other, resulting in
a ne emulsion with small droplets.11 With the increasing
pressure and number of passes, the microstream collides at
high velocity due to an increase in energy input, thus leading to
an enhanced disruption effect in the microuidized emulsion.7

However, a slight reduction in both EAI and ESI was observed
when 4 passes were applied than 2 passes at the pressure of
13.79 MPa (p < 0.05). This phenomenon might be related to the
over-processing effect. When emulsion is microuidized with
a high energy input beyond a critical point, Brownian motion
© 2024 The Author(s). Published by the Royal Society of Chemistry
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increases, thereby increasing the possibility of droplet collision
and re-coalescence.11 In addition, the droplet breakdown rate
exceeds the protein adsorption rate at the interface. Conse-
quently, the emulsier cannot sufficiently cover the oil droplet
surface, leading to re-coalescence as witnessed by lowered
emulsifying properties.29

Among ultrasonicated samples, emulsion formed at 50%
amplitude for 10 min had the highest EAI and ESI (p < 0.05),
while 40% amplitude for 5 min resulted in the lowest EAI and
ESI (p < 0.05). The latter was attributed to the insufficient
quantum of energy to disperse the oil phase into the aqueous
phase.30 At 40% amplitude, EAI and ESI increased with aug-
menting sonication time from 5 to 15 min (p < 0.05).
Furthermore, increasing the ultrasound amplitude from 40%
to 50% improved both EAI and ESI, regardless of sonication
time (p < 0.05). This was because of the difference in droplet
breakage during ultrasonication. Increased energy input
might create a greater amplitude of ultrasonic waves to pass
through the emulsion, resulting in a more violent bubble
collapse.19 This produced emulsion with small and uniformly
dispersed droplets with high emulsion stability. Energy
dissipated during ultrasonication primarily depends on
ultrasound amplitude and sonication time.31 During ultra-
sonication, bubbles collapse, thus releasing a burst of energy,
which leads to increased pressure and temperature in the
local spot. Local temperature represents only specic spot,
where the bubble is burst and does not reect the overall
temperature of the medium.29 To counteract the temperature
rise during cavitation, ultrasound treatment was done under
controlled temperature in iced bath. Temperature was
maintained below 10 °C during ultrasonication. Moreover,
pulsing mode (2s-on and 4s-off) was applied to control the rise
in temperature.8 Nevertheless, emulsifying properties
decreased, when coarse emulsion was subjected to ultra-
sound at 50% amplitude longer than 10 min (p < 0.05). The
result suggested that 50% amplitude for 10 min was an
optimal operating condition for ultrasonication of SO nano-
emulsion. Harsh conditions (50% amplitude, 15 min)
contributed to the accelerated coalescence. This coalescence
occurred due to high treatment power, which might increase
the local temperature of the sample. Furthermore, the rapid
temperature upsurge adversely affected the emulsion system,
leading to collisions, aggregation, and fusion of some oil
droplets.11 In addition, high energy input beyond the
optimum conditions could lead to excessive protein unfold-
ing or denaturation. Subsequently, protein–protein interac-
tion between exposed hydrophobic domains could occur via
hydrophobic interactions.14 Moreover, droplet disruption was
superimposed by droplet re-coalescence at high energy input,
resulting in the increased droplet size.11
3.2. Adsorbed protein content (APC)

APC of SO nanoemulsion prepared using different homogeni-
zation techniques is given in Fig. 2. Among all tested samples,
ultrasonicated emulsion had higher APC when 50% amplitude
was applied for 10 min (p < 0.05). Generally, a higher amount of
© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorbed protein improves emulsion stability.28 For micro-
uidization, APC increased with augmenting number of
microuidization passes from 2 to 4 when the pressure of
6.89 MPa was used (p < 0.05). This was attributed to the
breakdown of droplets into smaller sizes aer repeated micro-
uidization passes in the interaction chamber. Thus, proteins
could migrate to oil droplets and adsorb to a higher extent.
Additionally, pressure unfolds and alters the tertiary and
quaternary structure of protein during microuidization which
facilitates its adsorption over oil droplets.13 The partial
unfolding and conformational changes of protein caused by
microuidization facilitated the exposure of hydrophobic resi-
dues. This could favor the binding ability of protein to the
surface of oil droplets.28 However, as the pressure of 13.79 MPa
was used, APC decreased as the number of microuidization
passes increased from 2 to 4 cycles (p < 0.05). This might be
owing to an extensive denaturation of FMP under high hydro-
static pressure. FMP consists of globular head and the rod-like
alpha helical tail. The excessive unfolding of head domain
caused by high pressure could lead to the protein aggregation
via hydrophobic interactions.32 As a consequence, large aggre-
gate could not migrate to the interface effectively. Generally,
protein adsorption at the interface is inuenced by size, surface
hydrophobicity, and exibility of protein molecules. Protein
aggregation lowers its exibility, thus hindering the diffusion
from the aqueous phase to the interface as well as re-
arrangement over the oil droplets at the interface.26

When ultrasonication at 40% amplitude was employed, APC
increased noticeably as the ultrasonication time augmented
from 5 to 15 min (p < 0.05). Cavitation reduced the size of oil
droplets and enhanced their surface area. Additionally, longer
sonication time might improve the solubility of proteins,
thereby increasing their adsorption rate at the oil–water inter-
face.22 Solubility gradually increased with the augmenting
ultrasonication time due to reduction in the size of protein.
Smaller size of the protein has enhanced diffusion from the
aqueous phase and can adsorb at the interface during emulsi-
cation. This resulted in more adsorbed protein per unit
interfacial area of the emulsion. Therefore, high adsorbed
protein led to more stable emulsion.8 Moreover, increased
protein adsorption resulted in the production of multilayered,
densely packed and thick interfacial lm, which enhanced
emulsion stability.33 This result was in accordance with the ESI
(Fig. 1B). High APC indicated that more proteins were adsorbed
per unit interfacial area.20 However, there was a slight decrease
in APC when ultrasonication time upsurged from 10 to 15 min
at 50% amplitude. Prolonged treatment at a high-power level
might intensify the sonochemical effects and disrupt the
secondary structure of protein, resulting in the formation of
insoluble protein aggregates.34 Hence, processing parameters
applied during homogenization had a profound inuence on
APC of SO nanoemulsion.
3.3. Thermal and centrifugal stabilities

Thermal and centrifugal stabilities of SO nanoemulsions
prepared by different homogenization techniques are given in
RSC Adv., 2024, 14, 6135–6145 | 6139
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Fig. 2 Adsorbed protein content of SO nanoemulsions stabilized by fish myofibrillar protein (FMP) prepared using microfluidization and
ultrasonication under varying operating conditions. MF-6.89/2, MF-6.89/4, MF-13.79/2, MP-13.79/4: SO nanoemulsions microfluidized at
6.89 MPa and 13.79 MPa for 2 and 4 cycles, respectively. US-40/5, US-40/10, and US-40/15, US-50/5, US-50/10, US-50/15: SO nanoemulsions
ultrasonicated at 40% and 50% amplitude for 5, 10 and 15 min, respectively. Different lowercase letters on the bar denote significant differences
(p < 0.05). Bars represent the standard deviations (n = 3).
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Fig. 3A and B, respectively. Heat applied during production and
processing can alter the protein's interfacial behavior and
aggregation. Thermal stability is therefore crucial to produce
heat stable emulsion.22 Aer heating, all emulsions were rela-
tively stable without visible creaming or phase separation. This
revealed that emulsions were resistant to heat processing,
which might be due to the fact that temperature had no effect
on steric or electrostatic repulsion between droplets.35 Among
all tested samples, emulsion ultrasonicated at 50% amplitude
for 10 min had the highest thermal stability (p < 0.05). This was
related to the greater adsorption of protein at the interface
associated with electrostatic and steric repulsions.36 Electro-
static repulsion arises from the electric charges on the protein
covering the oil droplets, pushing them apart and preventing
droplets from merging. Meanwhile, steric repulsion (loop
conguration) arises from physical barriers or structure on the
droplets surface, inhibiting proteins from getting too close and
impeding coalescence.18 These forces are essential in keeping
droplets apart in the emulsion system, which is crucial to
maintain the stability. The greater adsorption of proteins at the
interface is associated with augmented electrostatic and steric
repulsion.8 The result was in line with the higher APC on oil
droplets (Fig. 2). During heating, FMP macromolecules cross-
link and aggregate on the surface of the oil droplets could
form strong and dense interfacial lm.8 Typically, thermal
stability is related to the hydrodynamic diameter of droplets
and the interfacial loading of protein. Furthermore, lower
hydrodynamic diameter primarily contributed to stronger
interfacial loading, resulting in an effective stabilization of
emulsion with less coarsening under high temperatures.21 On
the other hand, the thermal stability was lower in the emulsion
6140 | RSC Adv., 2024, 14, 6135–6145
microuidized at 6.89 MPa for 2 passes and ultrasonicated at
40% for 5 min (P < 0.05). This could be due to the weaker
electrostatic repulsion between the oil droplets due to lower
protein adsorption, especially when heat was applied.

Centrifugation is a practical method to evaluate the coales-
cence stability of the emulsion. When the emulsion is exposed to
centrifugal force, it causes the droplets to collide with each other,
and the ability of the emulsion to withstand the pressure can be
measured.12 In general, the emulsion showed reduced stability
aer centrifugation, indicating the occurrence of creaming.
Ultrasonicated emulsion had higher centrifugal stability than
microuidized emulsion (p < 0.05). Ultrasonicated emulsion (50%
amplitude, 10 min) had the highest centrifugal stability, indi-
cating a thick interfacial layer with lower interfacial tension
between the oil and water phase (p < 0.05). The centrifugal stability
of ultrasonicated emulsion ranged from 79.6% to 95.6% (p < 0.05).
On the other hand, microuidized emulsion exhibited lower
centrifugal stability (71.1–76.3%) (p < 0.05). Centrifugal stability
increased with augmenting amplitude and duration for ultra-
sonication, except when extreme condition (50% amplitude, 15
min) was used, in which centrifugal stability became lower.
Pressure and number of passes for microuidization also had
varying impacts on centrifugal stability, when the harsh condition
(13.79 MPa, 4 passes) was adopted. The detrimental effect
enhanced protein–protein interaction or aggregation, thus
lowering ability to cover oil droplets. This was also attributed to
reduced protein adsorption, larger oil droplets, and lower visco-
elasticity interfacial lm, which reduced mechanical strength.
Random collisions during centrifugation and eventual merging of
emulsiers from two or more droplets induce emulsion insta-
bility.1 Under optimal conditions, protein–lipid interactions could
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermal stability (A) and centrifugal stability (B) of SO nanoemulsions stabilized by fish myofibrillar protein (FMP) prepared using
microfluidization and ultrasonication under varying operating conditions. MF-6.89/2, MF-6.89/4, MF-13.79/2, MP-13.79/4: SO nanoemulsions
microfluidized at 6.89 MPa and 13.79 MPa for 2 and 4 cycles, respectively. US-40/5, US-40/10, and US-40/15, US-50/5, US-50/10, US-50/15: SO
nanoemulsions ultrasonicated at 40% and 50% amplitude for 5, 10 and 15 min, respectively. Different lowercase letters on the bar denote
significant differences (p < 0.05). Bars represent the standard deviations (n = 3).
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prevent the separation of oil phases from the aqueous phase
containing protein during centrifugation. Moreover, FMP is self-
assembled on the surface of the droplets and effectively
prevents coalescence.37 Therefore, processing parameters were
crucial to obtain the desired stability of SO nanoemulsion.
3.4. Droplet size and PDI

Surface-weighted mean diameter (d32), volume-weighted mean
diameter (d43) as well as PDI of the emulsions prepared with
varying operating conditions are shown in Table 1. Droplet size
is an important factor for evaluating the stability of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
emulsion. PDI is related to the distribution homogeneity of oil
droplet size. When the PDI value is close to zero, the droplet
distribution is more uniform.28 Under the selected condition,
ultrasonicated emulsion (50% amplitude, 10 min) had smaller
droplet size with lower PDI than its microuidized counterpart
(13.79 MPa, 2 passes) (p < 0.05). For microuidization, droplet
diameter is the function of microuidizer pressure, emulsion
composition and number of passes.11 Increases in micro-
uidization pressure (6.89 to 13.79 MPa) and number of cycles
(2 to 4) resulted in ne emulsion with narrow droplet distri-
butions (497–637 nm) (p < 0.05). This could be due to the
RSC Adv., 2024, 14, 6135–6145 | 6141
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Table 1 Droplet size, zeta (z) potential, polydispersity index (PDI) and flocculation index (Fi) of shrimp oil nanoemulsions stabilized by fish
myofibrillar protein prepared using microfluidization and ultrasonication under varying operating conditionsa

Homogenization d32 (nm) d43 (nm) z-potential (mV) PDI Fi

MF-6.89/2 638.68 � 0.27a 647.87 � 2.83a 15.80 � 0.15i 0.265 2.11
MF-6.89/4 596.84 � 1.84b 600.65 � 3.54b 17.64 � 0.23h 0.255 2.15
MF-13.79/2 536.59 � 1.00d 540.30 � 2.83d 20.42 � 0.21f 0.226 2.01
MF-13.79/4 557.94 � 1.28c 562.85 � 2.56c 18.18 � 0.14g 0.239 2.07
US-40/5 494.49 � 1.61e 499.35 � 1.41e 22.74 � 0.21e 0.189 1.72
US-40/10 474.14 � 3.28f 480.32 � 2.12f 24.00 � 0.35d 0.155 1.54
US-40/15 438.70 � 1.64i 442.36 � 3.54h 26.24 � 0.21b 0.147 1.46
US-50/5 469.49 � 1.56g 473.67 � 4.24f 24.58 � 0.14c 0.165 1.37
US-50/10 426.89 � 1.79j 430.62 � 2.83i 28.94 � 0.06a 0.137 1.26
US-50/15 447.56 � 2.25h 452.15 � 4.24g 26.17 � 0.32b 0.146 1.33

a The values are presented as mean± SD (n= 3). Different lowercase superscripts in the same column indicate signicant differences (p < 0.05). MF-
6.89/2, MF-6.89/4, MF-13.79/2, MP-13.79/4: SO nanoemulsions microuidized at 6.89 MPa and 13.79 MPa for 2 and 4 cycles, respectively. US-40/5,
US-40/10, and US-40/15, US-50/5, US-50/10, US-50/15: SO nanoemulsions ultrasonicated at 40% and 50% amplitude for 5, 10 and 15 min,
respectively.
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effective droplet disruption by microuidizer. The result indi-
cated that PDI decreased proportionally to energy input.38

However, a slight increase in droplet size and PDI was observed
in microuidized emulsion at 13.79 MPa for 4 passes (p < 0.05).
Higher PDI values might be associated with destabilization
phenomena such as droplet occulation. However, this occur-
rence was insufficient to cause creaming or phase separation.
Typically, both droplet disruption and re-coalescence determine
the nal droplet size during microuidization.12 Because of the
high energy input (13.79 MPa for 4 passes), droplet disruption
would be severe within the interaction chamber. Thus, new
interfaces were formed and re-coalesced due to high-intensity
turbulence, which nally caused droplet collision. Moreover,
droplet size increased if re-coalescence exceeded disruption.7

Therefore, a balance between droplet disruption and further re-
coalescence was required for effective microuidization of
emulsion. The deteriorating effect of dynamic high-pressure
homogenization involves rapid and intense pressure changes
caused by several factors such as cavitation, shear force,
turbulence and temperature uctuations.39 These forces
simultaneously affect the functional properties of proteins by
including conformational changes and molecular degradation,
leading to poorer adsorption at the interface.

For ultrasonication, emulsion ultrasonicated at 50% ampli-
tude for 10 min had a smaller droplet size, followed by emul-
sions prepared using 40% amplitude for 15 min (p < 0.05).
However, with further increase in sonication time from 10 to
15 min at 50% amplitude, some larger droplets were formed
and PDI was increased due to the overprocessing effect (p <
0.05). Thus, to avoid the detrimental effects of ultrasonication,
an optimal energy input should be determined. These differ-
ences were more evident in d32 than d43 for most samples. In
general, d32 is inversely proportional to the specic surface area.
The smaller d32 contributes to a greater specic surface area,
which enhances protein adsorption at the interface.34 The result
coincided with the APC of the emulsions (Fig. 2). In addition,
d43 is used as the index of coalescence and occulation.8

Emulsion ultrasonicated at 50% amplitude had smaller droplet
6142 | RSC Adv., 2024, 14, 6135–6145
sizes than those emulsied at 40% amplitude (p < 0.05).
Increasing amplitude enhanced cavitation, thereby generating
more bubbles due to frequent liquid thread breakage.7

Furthermore, the energy input in the system might raise the
temperature, thus facilitating the dispersion of both liquid
phases into one another through decreases in interfacial
tension, viscosity, and Laplace pressure. This resulted in
smaller droplets.35 On the other hand, when 40% amplitude was
applied, droplet size decreased with the augmenting sonication
time (from 5 to 15 min) (p < 0.05). Prolonged sonication induced
the excellent mixing between oil and aqueous phase, due to
extended turbulent ow. As a result, more droplets were effec-
tively disrupted, which could result in more stable emulsion.20

The result was in accordance with ESI (Fig. 1B). Hence, ultra-
sonication has the potential to produce more stable SO-in-water
nanoemulsions with smaller droplets and lower PDI than
microuidization. Smaller droplet sizes directly contribute to
a more stable emulsion due to their increased surface area to
volume ratio.34 This larger interfacial area allows for more
effective coverage by emulsiers, preventing droplet coales-
cence. Additionally, smaller droplets are less affected by gravi-
tational force, reducing the tendency for creaming or
sedimentation, thus contributing to enhanced storage
stability.7
3.5. z-potential

The z-potential of the microuidized emulsions (15–20 mV) was
lower than that of the ultrasonicated emulsions (22–28 mV) (p <
0.05). Emulsion with low z-potential is regarded as unstable and
quickly occulated or coagulated droplets during storage,
whereas emulsions with high z-potential are considered more
stable due to a greater rate of repulsive forces than attractive
forces between droplets.26 The electrical repulsion and attrac-
tion at the surface of suspended particles were measured using
the z-potential. Because of the repulsion across droplet
surfaces, a higher positive or negative z-potential value has
more electrostatic repulsion, thereby avoiding coalescence.40
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microstructure of SO nanoemulsions stabilized by fish myofi-
brillar protein (FMP) prepared using microfluidization (A)–(D) and
ultrasonication (E)–(J) under varying operating conditions. MF-6.89/2,
MF-6.89/4, MF-13.79/2, MP-13.79/4: SO nanoemulsions micro-
fluidized at 6.89 MPa and 13.79 MPa for 2 and 4 cycles, respectively.
US-40/5, US-40/10, and US-40/15, US-50/5, US-50/10, US-50/15: SO
nanoemulsions ultrasonicated at 40% and 50% amplitude for 5, 10 and
15 min, respectively. Observations were made at 40× magnification.
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When coagulation occurs among the protein molecules, the
repulsive forces are reduced as indicated by reduced z-potential
value. This happened in the sample prepared at lower input
energy.41 Instead, the emulsion prepared at optimal conditions
such as microuidization at 13.79 MPa for 2 passes and ultra-
sonication at 50% amplitude for 10 min had the highest elec-
trostatic repulsion, which was associated with high stability of
emulsion. The higher z-potential value might also be related to
their smaller droplet size and lower PDI.

3.6. Microstructure

The impact of microuidization and ultrasonication on the
microstructure of SO nanoemulsion is illustrated in Fig. 4.
Larger droplet size was found in emulsion processed at low
input energy for both microuidization (6.89 MPa for 2 passes)
and ultrasonication (40% amplitude for 5 min). A signicant
reduction in droplet size was obtained with augmenting input
energy. Optimal microscopy is a device that magnies and
captures images using optical principles, and it is used to
evaluate the microstructure of emulsions.35 Overall, ultra-
sonicated emulsion (50% amplitude for 10 min) had smaller
droplet size and greater droplet dispersion than microuidized
emulsion under all operating conditions applied. High-
frequency vibration weakened the intermolecular forces
between the protein lms that surrounded the oil droplets. This
resulted in an increase in intermolecular distance and
improved dispersion.22 Furthermore, ultrasound-induced cavi-
tation effects facilitated the formation of smaller droplets,
thereby enhancing the stability of nanoemulsion.28 Neverthe-
less, upsurge in the droplet size was noticed in ultrasonicated
emulsion at high energy input (50% amplitude for 15 min). This
indicated that moderate ultrasonication was benecial to
produce more stable SO nanoemulsion.

3.7. Flocculation index (Fi)

Typically, occulation occurs naturally in the emulsion, due to
the attractive interactions or aggregations between droplets.9

The diameter of the droplets in the emulsion increased, and the
emulsion stability became lowered. Index of occulation was
directly related to the emulsion stability (Table 1). Fi can be
determined by d43 of the emulsion droplets and SDS is utilized
as a dispersing agent because it prevents certain droplets from
aggregating in the aqueous phase and reects the size of every
single oil droplet.42 Ultrasonication (50% amplitude for 10min),
as a homogenization technique, yielded the emulsion with
lower Fi index than microuidization (13.79 MPa for 2 passes (p
< 0.05)). Low Fi value suggested that the adsorbed protein layer
was sufficient to counteract the stronger andmore extensive van
der Waals attraction.43 Creaming phenomena were also evalu-
ated by measuring the visual creaming index (CI). However, no
signicant difference was observed in CI during 15 days of
storage. This indicated that both microuidization and ultra-
sonication improved the creaming stability of SO nano-
emulsion. Regarding emulsion stability, coalescence appeared
at a very low level (data not shown). Moreover, complete coa-
lescence did not occur in any emulsions because there was still
© 2024 The Author(s). Published by the Royal Society of Chemistry
a strong steric repulsion between droplets. The result was in
line with z-potential (Table 1).
3.8. CLSM

CLSM images of ultrasonicated (50% amplitude for 10 min)
and microuidized (13.79 MPa for 2 passes) emulsions are
illustrated in Fig. 5. CLSM is commonly used to investigate
the shape, aggregation, and dispersion pattern of droplets in
RSC Adv., 2024, 14, 6135–6145 | 6143
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emulsion.44 Regarding the dispersion pattern of droplets,
ultrasonicated emulsion had a monodisperse characteristic.
On the other hand, microuidized emulsion possessed
a broad range of droplet sizes termed as a polydisperse
emulsion. CLSM result was in accordance with droplet size,
PDI, and microstructure (Table 1 and Fig. 4). Compared with
ultrasonicated emulsion, microuidized emulsions showed
obvious agglomeration, in which the larger droplets could be
formed. Because of the unstable nature of the emulsion
Fig. 5 Confocal laser scanning microscopic images of SO nano-
emulsions stabilized by fish myofibrillar protein (FMP) prepared under
optimal conditions of microfluidization ((A); 13.79 MPa, 2 passes) and
ultrasonication ((B); 50% amplitude, 10 min). Observations were made
at 400× magnification.

6144 | RSC Adv., 2024, 14, 6135–6145
system, oil droplets and protein molecules are regularly
aggregated or precipitated by the Law of Strokes.22 As ex-
pected, oil droplets in the ultrasonicated emulsion were
smaller, and uniformly dispersed with less aggregation. In
addition, CLSM also validated the size of individual oil
droplets, which matched the data on droplet size.
4. Conclusion

Both microuidization and ultrasonication could be used to
prepare stable SO nanoemulsion. Improvement in emulsifying
properties, APC, thermal stability and centrifugal stability was
achieved when the appropriate conditions for the operation
were employed and over-processing must be avoided. Notably,
the ultrasonicated emulsion demonstrated a clear advantage
over the microuidized emulsion in terms of lower droplet size,
PDI, Fi and higher z-potential. Microstructure and CLSM images
further conrmed these advantages, underlining the potential
of ultrasonication as an efficient method for the production of
stable SO nanoemulsion. These nanoemulsions could be
utilized as functional foods e.g., mayonnaise, etc.
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