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MYOFIBRILLAR PROTEINS/REDUCED SALT

Physicochemical changes of tilapia (Oreochromis niloticus) actomyosin
exposed to high intensity ultrasound (HIU) under low salt concentrations were
investigated. The extractable protein in 0.1-0.3 M NaCl increased with increasing
ultrasonic intensity (p < 0.05). Reactive sulfhydryl (SH) content at 0.2 M NaCl
increased after a prolonged exposure to HIU, suggesting conformational changes
induced by HIU. Surface hydrophobicity (So-ANS) of actomyosin in 0.6 M NaCl
increased with increasing ultrasonic intensity and exposure time to a higher degree than
that in 0.2 M NaCl. A drastic increase in the solubility of myosin heavy chain (MHC)
and actin with 0.2 M NaCl were evident under HIU treatments. Actomyosin in 0.6 M
NaCl underwent more disruption by HIU than that in 0.2 M NaCl. Actomyosin can be
efficiently extracted in low NaCl concentration by HIU, suggesting the potential of HIU
technology in production of low/reduced-salt surimi gel.

Gelation of threadfin bream (Nemipterus spp.) surimi at 0.5, 1 and 2% NaCl
under different ultrasonic intensities (10.01, 13.28 and 16.45 W/cm?) were elucidated.
Protein extractability at 0.5% NaCl was increased with increasing ultrasonic intensity
(p < 0.05). Reactive SH content and So-ANS values increased after HIU treatments and

were accompanied by a decrease in Ca?*-ATPase activity, indicating greater protein
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unfolding and conformational changes induced by HIU. Textural properties of
surimgels at 0.5% NaCl were improved with an increase in ultrasonic intensity (p <
0.05), whereas HIU resulted in inferior gels at 1 and 2% NaCl. Scanning electron
microscopy (SEM) revealed that HIU resulted in higher levels of regular networks at
0.5% NaCl. Fourier transform infrared (FT-IR) spectroscopy indicated that o-helix
content of surimi gels decreased, while the random coil content increased with an
increase in ultrasonic intensity, confirming that structural changes induced by HIU were
more profound at higher ultrasonic intensity. The results suggested that HIU technology
can be applied to improve only the 0.5%- NaCl surimi gel.

When the effect of ultrasonic exposure time (15, 30 and 45 min) of HIU-assisted
gelation of 0.5% NaCl threadfin bream surimi at ultrasonic intensity of 13.28 W/cm?
was elucidated, protein extractability and So-ANS increased with time, accompanied by
a decrease in Ca**-ATPase activity (p < 0.05). HIU treatments increased storage
modulus (G") of 0.5% NaCl surimi, indicating gel network formation was improved by
HIU, particularly at ultrasonic exposure time of 30 min. Textural properties of 0.5%
NaCl surimi gel (p < 0.05) was also optimal at ultrasonic exposure time of 30 min.
According to FT-IR spectroscopy, an increase in ultrasonic exposure time resulted in
lower a-helix but higher random coil content, suggesting that a longer ultrasonic
exposure time induced greater protein unfolding. This study demonstrated that
low/reduced-salt surimi gel could possibly be achieved by HIU technology, and
ultrasonic exposure time of 30 min at ultrasonic intensity of 13.28 W/cm? optimally

induced surimi gelation at 0.5% NaCl.
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CHAPTER I

INTRODUCTION

1.1 Background and significance of the study

Surimi is stabilized fish myofibrillar proteins. During manufacture of surimi,
fish flesh is washed with cold water to remove most of blood, lipids, enzymes and
sarcoplasmic proteins after mechanical deboning, and then blended with
cryoprotectants (Park, Graves, Draves, & Yongsawatdigul, 2013). Over the past
decades, surimi production and surimi industry have changed a lot because of the
variability of global fish stocks (Guenneugues & lanelli, 2013). New species of fish
have been explored and utilized for surimi production. In particular, the tropical fish
surimi has become a major species in competition with the cold water species, such as
Alaska pollock (Theregra chalcogramma) due to the continually increased production
(Guenneugues et al., 2013; Tadpitchayangkoon, Park, & Yongsawatdigul, 2012).
Nowadays, Southeast Asia has provided the largest fish resource for surimi production,
which occupies 60% of surimi production around the world (Guenneugues et al., 2013).
Threadfin bream (Nemipterus spp.) is a typical tropical fish, which has become the
second largest fish resource for manufacture of surimi, only after Alaska pollock. It
plays an important role in surimi markets, especially in Thailand, which contributes to
the major production of threadfin bream surimi in the world (Poowakanjana & Park,
2013; Yongsawatdigul, Worratao, & Park, 2002). Threadfin bream is preferred as raw

material for surimi production because it has white color, smooth texture, good flavor,



strong gel-forming ability and is resistance to temperature. Thus, the characteristics of
threadfin bream surimi has been concerned.

Gelation is a critical parameter determining the quality of surimi because it
governs the textural and sensory properties of surimi seafoods. Gelation of surimi is
directly related to myofibrillar proteins. Myosin is the major part of total myofibrillar
proteins, constituting around 55-60%. The postmortem myosin binds to actin tightly,
resulting in the formation of actomyosin, which makes it the predominant protein in
surimi. Hence, the concentration and properties of actomyosin will largely contribute
to the heat-induced surimi gelation (Lanier, Yongsawatdigul, & Carvajal-Rondanelli,
2013; Yasui, Ishioroshi, & Samejima, 1982).

Generally, surimi gelation involves a partial unfolding of protein and subsequent
irreversible aggregation, resulting in formation of a three-dimensional gel network
(Lanier et al., 2013). Myofibrillar proteins are typically heat-gelled in manufacture of
surimi seafood. During heating, unfolding of myofibrillar proteins occurs, which results
in exposure of reactive groups of proteins, forming intermolecular interactions. A three-
dimensional gel network will be formed when abundant intermolecular interactions
exists (Lanier et al., 2013). Therefore, protein unfolding (denaturation) followed by
protein aggregation leads to surimi gel formation through intermolecular covalent and
noncovalent interactions. In order to obtain desirable surimi gel, it is necessary to
understand the basic knowledge of physicochemical changes of myofibrillar proteins,
which could affect the denaturation and aggregation behaviors of myofibrillar proteins,
ultimately governing textural properties.

The solubilization of myofibrillar proteins needs a NaCl concentration that is

higher than 0.3 M since myofibrillar proteins are salt-soluble proteins. Hence, in order



to form surimi gel, myofibrillar proteins must be extracted first. Sodium chloride at
2-3% 1is typically required to facilitate solubilization of the myofibrillar proteins in
surimi. A decrease in NaCl content results in poor gel-forming ability of surimi because
myofibrillar proteins are not adequately solubilized and are not properly unfolded
(Lanier et al., 2013). According to Fu et al. (2012), the mechanical properties of silver
carp surimi gel became worse when NaCl content was decreased to 1%. Thereby,
sodium chloride is an ingredient essential for surimi gelation and gel quality largely
depends on sodium chloride concentration.

Sodium chloride provides approximately 90% of the sodium in human diet
(Kloss, Meyer, Graeve, & Vetter, 2015). Currently, consumption of excessive sodium
has become a public concern since it increases risk of hypertension and cardiovascular
diseases. In view of these health problems, the intake of sodium chloride in adults
should be less than 5 g/day recommended by the World Health Organization (WHO) in
2012, which equivalents to 2 g/day of sodium (Inguglia, Zhang, Tiwari, Kerry, &
Burgess, 2017). Surimi seafood products are typical processed muscle foods. It has been
estimated that muscle foods account for about 20-30% of daily sodium consumption
(Petracci, Bianchi, Mudalal, & Cavani, 2013). Consequently, the necessity to reduce
sodium in surimi-based product is particularly important to fit with the raising
consumer awareness and WHO recommendations. In order to meet consumers’ demand,
efforts have been attempted to reduce salt/sodium content in surimi gels based on
various strategies. Initial exploration focused on a partial replacement of sodium
chloride with other salts, such as potassium chloride and magnesium chloride.
Potassium chloride is typically used to replace partial of NaCl, but it causes negative

sensory characteristics due to its bitterness and metallic taste (Tahergorabi & Jaczynski,



2012). Sodium reduction has also been reported by addition of different ingredients,
such as whey protein concentrate (Uresti, Téllez-Luis, Ramirez, & Vazquez, 2004),
tetra-sodium pyrophosphate (Deysi Cando, Herranz, Borderias, & Moreno, 2016) and
lysine (D. Cando, Borderias, & H. M. Moreno, 2016). In recent years, much attention
has been given towards the applications of novel physical techniques in food research
and industry. Fu et al. (2012) reported that 1% NacCl silver carp surimi gel was improved
under microwave heating. High pressure processing technique has been explored to
improve Alaska pollock surimi gel at 0.3% NaCl (Deysi Cando, Herranz, Borderias, &
Moreno, 2015) and was reported to strengthen the water retention of myosin gel in 0.3
M NaCl (Jianyi Wang, Li, Zheng, Zhang, & Guo, 2019). However, exploration of
low/reduced salt surimi still faces challenges because salt plays a critical role in surimi
gelation and gel quality. Therefore, low/reduced salt surimi needs to be further
investigated, providing more approaches feasible for surimi industries.

In recent years, high intensity ultrasound (HIU) has been applied in food
research and industry because it is a safe, nontoxic and green technology. HIU refers to
low frequency (16-100 kHz) with high power (10-1000 W/em?) (Soria & Villamiel,
2010). Cavitation phenomenon, formation of micro-streaming and reactive free radicals
typically occur during sonication, which lead to energy accumulation (high temperature
and pressure), high shear energy waves and turbulence. Furthermore, some chemical
reactions might also take place (Soria et al., 2010). These would eventually affect the
physicochemical properties of myofibrillar proteins. HIU has been reported to cause
protein dissociation and improve solubility of myofibrillar proteins at high ionic
strength (Saleem & Ahmad, 2016). It has also been reported that HIU could induce the

unfolding of myofibrillar proteins, exposing interior hydrophobic and sulthydryl groups



(Jingyu Wang, Yang, Tang, Ni, & Zhou, 2017; Zou et al., 2018). Moreover, HIU has
been proven to accelerate the salt diffusion in meat tissue (McDonnell, Lyng, & Allen,
2014). Besides, the potential of HIU to improve water holding capacity of chicken
myofibrillar protein gel (Zhang, Regenstein, Zhou, & Yang, 2017) has also been
investigated. These studies focused on a typical high salt concentration, e.g., 0.6 M
NaCl. However, little information is available on application of HIU technology in
myofibrillar proteins under low salt conditions, where myofibrillar proteins has only
limited protein solubility and behave in a different way on denaturation and aggregation.
Due to the potential to increase the soluble myofibrillar proteins under low salt, it is
assumed that HIU technology should positively contribute to the surimi gel under
reduced salt concentration because soluble myofibrillar proteins are thought to be the
base element of gel formation. Moreover, the exposure of hydrophobic and sulthydryl
groups induced by HIU is expected to lead to strong protein interactions and gel
networks. This would eventually improve gel properties of myofibrillar proteins at
low/reduced-salt contents. Therefore, HIU technology could be a potential processing-
aid to produce healthier surimi seafood products with reduced sodium content without
the use of chemicals and/or enzymes.

Fourier transform infrared (FT-IR) spectroscopy depends on IR absorption
which needs a change in the intrinsic dipole moment with molecular vibration (Li-Chan,
1996). It has been applied in the structural analysis of myofibrillar proteins under
various conditions, such as aging (Kirschner, Ofstad, Skarpeid, Host, & Kohler, 2004),
heating (Bertram, Kohler, Bocker, Ofstad, & Andersen, 2006; Wu, Bertram, Bocker,
Ofstad, & Kohler, 2007), salting (Bocker, Ofstad, Bertram, Egelandsdal, & Kohler,

2006; Wu et al., 2006), and storage (Moosavi-Nasab, Alli, Ismail, & Ngadi, 2005),



where the estimation of protein secondary structure is the major application. Besides,
the investigations of FT-IR on secondary structural changes of myofibrillar proteins as
affected by high pressure (Larrea-Wachtendorff, Tabilo-Munizaga, Moreno-Osorio,
Villalobos-Carvajal, & Pérez-Won, 2015), oxidative stress (Zhou, Zhao, Su, Cui, & Sun,
2014), and addition of polysaccharides (Fan et al., 2017; Y.-z. Zhou et al., 2014) and
MTGase (D. Cando et al., 2016) were also reported. Therefore, FT-IR spectroscopy has
potential to analyze and characterize the secondary structural changes of fish

myofibrillar proteins related to surimi gelation.

1.2 Research objectives

1.2.1 To investigate physicochemical changes of tilapia myofibrillar proteins
in low salt concentrations exposed to HIU.

1.2.2 To elucidate the gelation behavior of threadfin bream surimi as a
function of NaCl contents and HIU intensities.

1.2.3 To explore the effects of various HIU time on gelation of 0.5% NaCl

threadfin bream surimi.

1.3 Research hypotheses

1.3.1 HIU could induce dissociation of protein aggregates and disintegration
of myofibril, improving solubility of myofibrillar proteins at low salt contents, which
might be beneficial for gelation of low/reduced-salt surimi

1.3.2 HIU could promote unfolding of myofibrillar proteins, exposing
additional hydrophobic and sulthydryl groups, and thus lead to strong protein

interactions by changing aggregation behaviors of muscle proteins during heating .



1.3.3  An increase in the soluble myofibrillar proteins and a greater extent of
protein unfolding under HIU would lead to optimal gel network formation under

low/reduced salt content.

1.4  Scope of the study

1.4.1 Physicochemical changes of tilapia actomyosin under HIU in low NaCl
concentrations were investigated. The extracted actomyosin was quantified by
measurement of protein content. Ca’*-ATPase activity, total and reactive SH contents,
surface hydrophobicity and zeta potential were determined to indicate unfolding and
conformational changes of actomyosin. Particle size was measured to evaluate size
changes of protein aggregates. SDS-PAGE was performed to show protein patterns
under HIU. Changes in microstructure as affected by HIU were also observed based on
light microscopy.

1.4.2  Gelation behavior of threadfin bream surimi under HIU at various NaCl
contents were elucidated by investigating the effects of different HIU intensities on gel
properties of threadfin bream surimi under low/reduced salt and by illustrating
physicochemical changes in threadfin bream surimi pastes as a function of NaCl
contents and HIU. Gel properties were investigated by texture and color measurements,
proteolysis, FT-IR analysis and SEM. Physicochemical changes were studied by protein
extractability, remaining Ca’>*-ATPase activity, total and reactive SH contents, and
surface hydrophobicity.

1.4.3 HIU-assisted gelation of threadfin bream surimi subjected to reduced
NaCl content and its related physicochemical properties were studied. Effects of various

ultrasonic exposure time on gelation of 0.5% NaCl threadfin bream surimi with 2%



NaCl as a control were explored. The physicochemical properties were examined by
determinations of extractable protein content, residual Ca*>*-ATPase activity and surface
hydrophobicity. The surimi gels were evaluated by rheological properties, texture and
whiteness, TCA-soluble oligopeptide and SDS-PAGE. The secondary structural

changes of surimi pastes and gels after HIU treatments were also analyzed by FT-IR.

1.5 Expected results

Results from this study would provide an effective way to extract myofibrillar
proteins in low NaCl concentrations using HIU technology. Understanding of gelation
behavior of surimi under HIU would lay a theoretical foundation for utilization of HIU
technology in production of surimi-based products at low/reduced salt levels.
Furthermore, the outcome of the study would be helpful in manufacturing healthier
surimi seafood with reduced sodium content without the use of chemicals and/or

enzymes.
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CHAPTER 11

LITERATURE REVIEW

2.1  Surimi

Surimi is stabilized fish myofibrillar proteins. During manufacture of surimi,
after mechanical deboning, fish flesh is washed with cold water, removing most of
blood, lipids, enzymes and sarcoplasmic proteins, and then blended with
cryoprotectants (Park, Graves, Draves, & Yongsawatdigul, 2013). Surimi production
involves fish sorting, heading, gutting, deboning, filleting and mincing, washing,
refining and freezing processes. Due to its excellent gel properties, surimi is used for
production of many kinds of surimi seafoods, such as crabstick and fish ball. Surimi-
based products are popular and widely consumed worldwide, such as in the United

States, Southeast Asia, Japan, Korea and China.

2.2 Tropical fish surimi

2.2.1 Fish resources for commercial surimi production
A number of different species of fish have been utilized as raw material
in surimi production, including cold water fish (e.g., Alaska pollock), temperate water
fish (e.g., Pacific whiting), and warm water fish (e.g., threadfin bream). Alaska pollock
(Theregra chalcogramma) 1is the first large-scale fish source used in manufacture of
surimi, which is known as a premium grade product with high gel quality (Guenneugues
& Tlanelli, 2013; Poowakanjana & Park, 2013). Nevertheless, with the decreased

harvests and increased fishing costs of Alaska pollock, some new species of fish have
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been explored and utilized for commercial surimi production, even though the fish with
low gel-forming ability and/or dark color, such as lizardfish and sardine (Guenneugues
et al., 2013; Guenneugues & Morrissey, 2005). Nowadays, Southeast Asia has provided
the largest fish resource for commercial surimi production, which occupies 60% of
surimi production around the world (Guenneugues et al., 2013). In Southeast Asia, the
production of tropical fish surimi increased from 320,000 MT in 2005 to 550,000 MT
in 2014 (http://www.Groundfishforum.com).
2.2.2 Characteristics of tropical fish surimi
2.2.2.1 Threadfin bream surimi

Threadfin bream (Nemipterus spp.) is a typical tropical fish,
which has become the second largest fish resource for manufacture of surimi, only after
Alaska pollock. It plays an important role in surimi markets, especially in Thailand,
which contributes to the major production of threadfin bream surimi in the world
(Poowakanjana et al., 2013; Yongsawatdigul, Worratao, & Park, 2002). The production
of threadfin bream surimi increased from 65,000 MT in 1978 to 94,000 MT in 2011
(http://www.Groundfishforum.com). Threadfin bream is preferred as raw material for
surimi production because it has white color, smooth texture, good flavor, strong gel-
forming ability and is resistance to temperature. Thus, the characteristics of threadfin
bream surimi has been concerned. The effects of endogenous transglutaminase (TGase),
medium (25 °C) and high (40 °C) setting temperatures, comminution conditions, high
pressure, and ohmic heating on heat-induced gel properties of threadfin bream surimi
have been reported. The gel strength increased when pre-incubation at either 25 and
40 °C, and the optimal pre-incubation time was 4 and 2 h, respectively (Yongsawatdigul

etal., 2002). An increase in setting time (0—8 h) at 25 °C led to higher values of breaking
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force and deformation of surimi gel, and the highest increase in breaking force was
observed in 1 h when setting at 40 °C (Benjakul, Chantarasuwan, & Visessanguan, 2003;
Benjakul, Visessanguan, & Chantarasuwan, 2004). Compared with Alaska pollock and
Pacific whiting surimi, a better gel texture of threadfin bream surimi was exhibited
when a longer chopping at a higher temperature was conducted (Poowakanjana, Mayer,
& Park, 2012; Poowakanjana et al., 2013). With a high-pressure pretreatment, the
degradation of protein increased, but a more compact microstructure of surimi gel was
observed (Zhu, Lanier, & Farkas, 2015). When compared with water bath heating, 1.3
times increase was found at both values of breaking force and deformation of threadfin
bream surimi after ohmic heating (Tadpitchayangkoon et al., 2012).
2.2.2.2 Other species

The other tropical fish used in manufacture of surimi in
Southeast Asia mainly include lizardfish (Saurida spp.), croakers (Pennahia and
Johnius spp.), bigeye snapper (Priacanthus spp.) and goat fish/red mullet (Upeneus spp.
and Parupeneus spp.). The characteristics of tropical surimi are varied with fish species
because different fish are differed in thermal stability of protein, endogenous enzymes

(TGase and proteinase), and color and fat content of muscle.

2.3 Myofibrillar proteins

Fish muscle proteins are composed of 66-77% myofibrillar proteins, 20-30%
sarcoplasmic proteins, and 3-5% stroma proteins (Suzuki, 1981). Myofibrillar proteins
are the predominant proteins in fish muscle which function as structural proteins. These
proteins are salt-soluble proteins, which can be extracted using neutral salt solutions

with an ionic strength that is higher than 0.15, and an ionic strength of 0.3-0.7 is usually
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required. Myofibrillar proteins are superior gelling proteins, playing a key role in
desirable textural properties in muscle foods. In myofibril protein system, myosin and
actomyosin is the major protein contributing to the gel-forming capacity in prerigor and
postrigor stage, respectively (Strasburg, Xiong, & Chiang, 2008).
2.3.1 Myosin

Myosin constitutes 55-60% of myofibrillar proteins, which is the protein
that forms the thick filament (Figure 2.1) (Lanier, Yongsawatdigul, & Carvajal-
Rondanelli, 2013). The molecular weight of myosin is around 470 kDa. A myosin
molecule is constituted by two heavy chains with 220 kDa and two pairs of different
light chains with17-22 kDa, which are assembled in quaternary structure of myosin.
The two heavy chains interact to form globular “head” and “rod”, and alpha-helix is the
main secondary structure in the globular head (Lanier et al., 2013). The actin binding
site, ATPase site and DTNB [(5,5-dithiobis)-2-(nitrobenzoic acid)] light chain site are
located in the globular head of myosin (Strasburg et al., 2008).

2.3.2 Actin

Actin is the major protein of the thin filament (Figure 2.1), comprising
15-30% of myofibrillar proteins, which is normally associated with troponin and
tropomyosin complex in muscle tissue (Lanier et al., 2013). Actin also contains a
binding site with myosin where myosin can form a temporary complex with actin
during muscle contractile or form a permanent myosin-actin complex in postmorterm

(Xiong, 1997).
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Figure 2.1 Arrangements between actin filament and myosin filament in muscle.

Adapted from: Lanier et al. (2013).

2.3.3 Actomyosin
Myosin constitutes the majority of the total myofibrillar proteins.
However, postmortem myosin binds to actin tightly, forming myosin-actin complex, the
so-called “actomyosin” (Lanier et al., 2013). Therefore, actomyosin is the predominant
protein in surimi, which largely contributes to the heat-induced surimi gelation (Lanier
et al., 2013; Yasui, Ishioroshi, & Samejima, 1982).
2.3.4 Other myofibrillar proteins
Other myofibrillar proteins in fish muscle include tropomyosin, troponin
complexes, actinins, titin, nebulin, M-proteins, and C-proteins, which play key roles in
the integrity of sarcomere structure (Strasburg et al., 2008). In manufacture of surimi-
based products, the disassembly of sarcomeres as well as the selective solubilization
and/or degradation of these small fractions are also essential to obtain a desirable heat-

induced gel structure (Lanier et al., 2013).
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2.4  Gelation of surimi

Gelation is a critical parameter determining the quality of surimi because it
governs the textural and sensory characteristics of the surimi-based products, such as
tenderness and juiciness during mastication. Gelation of surimi is directly related to
myofibrillar proteins. The extraction of myofibrillar proteins is the first step to form
surimi gel, which is typically conducted by chopping surimi and then adding with salt
and phosphates. The former, usually sodium chloride or potassium chloride, assists
solubilization of myofibrillar proteins, and the latter facilitates the separation of myosin
from actomyosin complex. Usually, the concentration of sodium chloride used is 1.7-
3.5% (Lanier et al., 2013).

In manufacturing of surimi seafoods, myofibrillar proteins are typically heat-
gelled that is involved with both globular head and tail portions of myosin molecule
(Figure 2.2). The excellent heat-induced gel properties of surimi make it useful as a
food ingredient in processing of many kinds of surimi seafoods. The mechanism of
heat-induced surimi gelation is closely associated with myosin, which is the major
gelling protein extracted during comminution stage of surimi. Under a typical surimi
processing condition, the gelation begins with the partial unfolding of protein, which is
induced by heat treatment. The unfolding of protein results in exposure of reactive
groups of proteins, leading to the protein aggregation via intermolecular interactions to
form a three-dimensional gel network. Hydrogen bonds, ionic linkages, hydrophobic
interactions and covalent bonds (e.g., disulfide bond) are the main kinds of chemical
bonds involving in surimi gelation (Lanier et al., 2013). Hydrogen bonds are unstable
and break down during temperature rising. Disulfide bonds are the predominant

covalent bond at the temperature above 40 °C. As temperature increases, thermal
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aggregation is related to the increase in surface hydrophobicity of protein, and
hydrophobic interactions become the major force when the temperature rises to around
60 °C (Lanier et al., 2013).

Therefore, protein unfolding (denaturation) followed by protein aggregation
leads to formation of surimi gel through intermolecular covalent and noncovalent
interactions. In order to obtain desirable surimi gel, it is necessary to understand the
basic knowledge of physicochemical changes to the myofibrillar proteins, which could
affect the denaturation and aggregation behaviors of myofibrillar proteins, ultimately

governing textural properties.

(a) (b) e () (d)

(f) . oY

Figure 2.2 Six steps of gel formation of myosin molecule induced by heating. (a)
Unheated myosin monomer; (b) formation of cluster in early stage of
heating; (c) formation of Daisy wheel by head-to-head of myosin molecules;
(d) denaturation of tail portions of myosin; (e) clusters bound via denatured
tails; (f) gel network formation.

Adapted from: Lanier et al. (2013).
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2.5 Low/reduced salt surimi seafoods

2.5.1 Challenges in production of low/reduced salt surimi

Sodium chloride is the salt used in food industry, consisting of 40% of
sodium and 60% of chloride by weight. Sodium chloride provides approximately
90% of sodium in human diet (Kloss, Meyer, Graeve, & Vetter, 2015). Currently,
consumption of excessive sodium has become a public concern since it increases risk
of hypertension and cardiovascular diseases. In view of these health problems, the
intake of salt (sodium chloride) in adults should be less than 5 g/day recommended by
the World Health Organization (WHO) in 2012, which equivalents to 2 g/day of sodium
(Inguglia, Zhang, Tiwari, Kerry, & Burgess, 2017). Based on the standard of Food &
Drug Administration (2017), low sodium on food represents 140 mg of sodium or less
per serving, and reduced sodium on food represents at least 25% less sodium than the

regular product (Table 2.1).

Table 2.1 Classification of claims on food based on sodium content.

Claims on food Sodium content

Salt/Sodium-free Less than 5 mg of sodium per serving

Very low sodium 35 mg of sodium or less per serving

Low sodium 140 mg of sodium or less per serving

Reduced sodium At least 25% less sodium than the regular
product

Light in sodium or lightly salted At least 50% less sodium than the regular
product

No salt added or unsalted No salt is added during processing, but these
products may not be salt/sodium-free unless

stated

Adapted from: Food & Drug Administration (2017).
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Surimi seafood products are typical processed muscle foods. It has been
estimated that muscle foods account for about 20-30% of daily sodium consumption
(Petracci, Bianchi, Mudalal, & Cavani, 2013). Consequently, the necessity to reduce
sodium in surimi-based product is particularly important to fit with the raising
consumer awareness and WHO recommendations.

Sodium chloride at 2-3% is typically required to facilitate solubilization of the
myofibrillar proteins in surimi (Lanier et al., 2013). A decrease in NaCl content results
in poor gel-forming ability of surimi because myofibrillar proteins are not adequately
solubilized and are not properly unfolded (Figure 2.3). Fu et al. (2012) reported that the
mechanical properties of silver carp surimi gel became worse when NaCl content was
decreased to 1%. Thereby, sodium chloride is an ingredient essential for surimi gelation
and gel quality largely depends on sodium chloride concentration. In addition, the
preservative properties and the capacity to affect taste and improve product flavor of

sodium chloride are also important in surimi seafood products.

Low salt

& v

High salt

Figure 2.3 Successive disassembly of myosin in solution with increasing of salt
concentration.

Adapted from: Lanier et al. (2013).
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2.5.2 Salt/sodium reduction strategies in surimi

In order to meet consumers’ demand, efforts have been made to reduce
salt/sodium content in surimi gels based on various strategies. Initial exploration
focused on a partial replacement of sodium chloride with other salts, such as potassium
chloride and magnesium chloride. Potassium chloride is typically used to partially
replace NaCl, but it causes negative sensory characteristics due to its bitterness and
metallic taste (Tahergorabi & Jaczynski, 2012). Sodium reduction has also been
reported by addition of different ingredients, such as whey protein concentrate (Uresti,
Téllez-Luis, Ramirez, & Vazquez, 2004), tetra-sodium pyrophosphate (Deysi Cando,
Herranz, Borderias, & Moreno, 2016) and lysine (D. Cando, Borderias, & H. M.
Moreno, 2016). Recently, much attention has been given towards the applications of
novel physical techniques. Fu et al. (2012) reported that 1% NaCl silver carp surimi gel
was improved after microwave heating because faster heating process of microwave
inhibited autolysis and the intense heat provided by microwave expanded protein
aggregates which served as substrate for crosslinking reactions. High pressure
processing technique has been explored to improve Alaska pollock surimi gel at 0.3%
NaCl (Deysi Cando, Herranz, Borderias, & Moreno, 2015) and was reported to
strengthen the water retention of myosin gel in 0.3 M NaCl (Jianyi Wang, Li, Zheng,
Zhang, & Guo, 2019), which were due to that high pressure induced protein unfolding
by decreasing protein volume and then promoted surimi gelation via protein-protein
interactions. However, exploration of low/reduced salt surimi still faces challenges
because salt plays a critical role in surimi gelation and gel quality. Therefore,
low/reduced salt surimi needs to be further investigated, providing more approaches

feasible for surimi industries.
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2.6 High intensity ultrasound (HIU)

2.6.1 Principle of ultrasound

In recent years, the applications of ultrasound technology in food
research and industry have been widely concerned because it is considered as a safe,
nontoxic and green technology. The effects of ultrasound energy are mainly due to
cavitation phenomenon, micro-streaming and reactive free radicals produced from
water molecules. Ultrasound is propagated by a sequence of compression and
rarefaction cycles, which are induced on the molecules in the medium (Figure 2.4)
(Mason, Riera, Vercet, & Lopez-Buesa, 2005). During sonication, the rarefaction wave
may exceed the attractive force between liquid molecules under a adequately high
power, resulting in formation of cavitation bubbles (H. Hu, Cheung, Pan, & Li-Chan,
2015; Soria & Villamiel, 2010). These bubbles grow over several cycles to a larger size
until becoming unstable and then violently collapse, which leads to energy
accumulations in the cavitation zone, generating not only high temperature and pressure,
but also very high shear energy wave and turbulence (Liu, Liu, Xiong, Fu, & Chen,
2017; Soria et al., 2010). Furthermore, the variation of bubble size and the diffusion of
gases into and out of the bubbles will generate strong micro-currents which are
associated with alteration of media characteristics due to high-velocity gradient and
shear stress (Soria et al., 2010; Zheng & Sun, 2006). In addition, numerous reactive free
radicals (H2O — ‘H + -OH) can also be generated from water molecules during
sonication, which may react with and/or modify other molecules and/or reactive groups,
such as sulthydryl groups of proteins (H. Hu, Wu, et al., 2013; Milne, Stewart, &

Bremner, 2013; Riesz & Kondo, 1992).
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Figure 2.4 Ultrasonic cavitation.

From: Mason et al. (2005).

2.6.2 Applications of HIU in myofibrillar proteins
Ultrasound is based on the mechanical waves at a frequency that exceeds
the hearing limit of human (i.e., above 16 kHz), which can be categorized into low
intensity ultrasound (LIU) and high intensity ultrasound (HIU) according to different
frequency ranges. LIU refers to a high frequency (100 kHz-1 MHz) with a low intensity

(usually <1 W/cm?) and is usually applied as a non-destructive analytical technique in

food quality assessment. HIU refers to a low frequency (100 kHz-1 MHz) with a high
intensity (typically 10-1000 W/cm?) (Soria et al., 2010), which is most commonly used
in food processing (Y. Hu et al., 2014; C. K. McDonnell, Allen, Morin, & Lyng, 2014)
and modifications of food proteins (H. Hu et al., 2015; H. Hu, Wu, et al., 2013; Liu et

al., 2017; Saleem & Ahmad, 2016; Z. Zhang, Regenstein, Zhou, & Yang, 2017).
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HIU has been reported to modify physicochemical and functional properties of
food proteins, including soy proteins (H. Hu et al., 2015; H. Hu, Li-Chan, Wan, Tian,
& Pan, 2013; Morales, Martinez, Ruiz-Henestrosa, & Pilosof, 2015; P. Zhang et al.,
2016), whey proteins (Frydenberg, Hammershgj, Andersen, & Wiking, 2016; Shen,
Zhao, & Guo, 2017), black bean isolate (Jiang et al., 2014), plum seed protein isolate
(Xue, Wang, Liu, & Li, 2018), quinoa seed protein isolates (Mir, Riar, & Singh, 2019)
and myofibrillar proteins (Liu et al., 2017; Saleem et al., 2016; Z. Zhang et al., 2017).

HIU has been recently explored to modify physicochemical properties of
myofibrillar proteins, such as solubility (Liu et al., 2017; Z. Zhang et al., 2017). HU has
also been reported to induce unfolding of myofibrillar proteins, exposing additional
hydrophobic and sulthydryl groups (Jingyu Wang, Yang, Tang, Ni, & Zhou, 2017; Zou
et al., 2018). Moreover, HIU has been proven to accelerate the salt duffusion in meat
tissues (Céarcel, Benedito, Bon, & Mulet, 2007; C. K. McDonnell, Lyng, & Allen, 2014;
Ciara K. McDonnell, Lyng, Arimi, & Allen, 2014; Ozuna, Puig, Garcia-Pérez, Mulet,
& Carcel, 2013). Besides, the potential of HIU to improve water holding capacity of
chicken myofibrillar protein gel (Z. Zhang et al., 2017) has also been investigated.

These studies of myofibrillar proteins focused on a typical high salt
concentration, e.g., 0.6 M NaCl. However, little information is available on application
of HIU technology in myofibrillar proteins under low salt conditions, where
myofibrillar proteins has only limited protein solubility and behave in a different way
on denaturation and aggregation. Due to the potential to increase the soluble
myofibrillar proteins exposed to low salt, it is assumed that HIU technology should
positively contribute to the surimi gel under reduced salt concentration because soluble

myofibrillar proteins are thought to be the base element of gel formation. Moreover, the
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exposure of more hydrophobic and sulfthydryl groups induced by HIU is expected to
lead to strong protein interactions and gel networks. This would eventually improve gel
properties at low/reduced-salt contents. Therefore, HIU technology could be a potential
processing-aid to produce healthier surimi seafood products with reduced sodium

content without the use of chemicals and/or enzymes.

2.7 Fourier transform infrared (FT-IR) spectroscopy

2.7.1 Principle of FT-IR spectroscopy

Infrared (IR) spectroscopy depends on the measurement of IR
absorption by solids, liquids or gases, which needs a change in the intrinsic dipole
moment with molecular vibration (Li-Chan, 1996; Wehling, 2010). IR is one of the
well- established techniques that is used for analysis of protein secondary structures
(Kong & Yu, 2007). Nevertheless, H>O is a polar molecule with strong IR absorption
in three obvious bands at around 3400 cm ', 2125 cm ™! and 1645 cm™!, which stand for
O-H stretching, water association and H-O-H bending, respectively. Thus, the H-O-H
bending vibrational band of H>O at 1645 cm ™! directly overlaps with the amide I region
(1600-1700 cm™ ') of proteins, and it shows higher intensity than the amide I region.

Due to it, water absorption in 1600—1700 cm™!

is the biggest interference during IR
analysis of protein samples dissolved in H2O solution. Therefore, IR is commonly used
for analysis of samples in dry or non-aqueous forms (Kong et al., 2007).

The Fourier transform (FT) has been developed because of the use of a stable
and powerful laser, which is a mathematical treatment used for data acquisition and

reliable digital subtraction of IR (Kong et al., 2007; Wehling, 2010). Since FT-IR

spectroscopy measures molecular structure on the basis of IR energy absorption of
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molecular vibration related to chemical bonds and functional groups at the specific
frequencies, it allows the investigation of the structure of peptides and proteins and can
provide both qualitative and quantitative analysis (Bocker, Ofstad, Bertram,
Egelandsdal, & Kohler, 2006; Wu, Bertram, Bocker, Ofstad, & Kohler, 2007).
2.7.2 Spectra analysis

As shown in Table 2.2, there are nine characteristic IR absorption bands
of polypeptides and proteins. Among them, the most useful vibrational bands to
determine the secondary structures of proteins are amide I (1600-1690 cm™) and amide
11 (1480-1575 cm™). Since the C=0 stretch vibrations of the peptide linkages account
for approximately 80%, the amide I region is the most sensitive band to the changes of
secondary structures of proteins. Moreover, it has been found that the frequencies of
amide I components are closely correlated with each secondary structure of proteins.
Whereas, the amide II region is mainly derived from the in-plane NH bending (40—60%
of the potential energy) and the CN stretching vibration (18—40% of the potential
energy), which show less sensitivity of protein conformational changes than that in
amide [ (Kong et al., 2007). In addition, FT-IR can provide not only direct correlations
between frequencies of amide I band and each secondary structure of proteins, but also

the information on structural stability and dynamics of proteins.
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Table 2.2 Characteristic infrared bands of peptide linkage.

Approximate
Designation frequency (cm™!) Description
Amide A 3300 NH stretching
Amide B 3100 NH stretching
Amide | 1600-1690 C=0 stretching
Amide II 1480-1575 CN stretching, NH bending
Amide III 1229-1301 CN stretching, NH bending
Amide IV 625-767 OCN bending
Amide V 640-800 Out-of-plane NH bending
Amide VI 537-606 Out-of-plane C=0 bending
Amide VII 200 Skeletal torsion

From: Kong et al. (2007).

2.7.3 Applications of FT-IR spectroscopy in myofibrillar proteins

FT-IR spectroscopy has been used in structural analysis of myofibrillar
proteins related to gelation, where the estimation of protein secondary structures is the
main application. Kobayashi, Mayer, and Park (2017) reported that a higher p-sheet
content of tilapia surimi gel was exhibited when surimi was chopped at 25 °C for 18
min compared with that chopped at 5 °C for 6 min, indicating that a longer chopping at
a higher temperature resulted in greater protein unfolding and disintegration of protein
before gelation. The characteristic peak of Alaska pollock surimi gels at 1645 cm™ was
judged as random coil under high temperature treatments of 100 and 120 °C, suggesting
that random coil was the main secondary structure of surimi gels when treated at these

heating conditions (Zhang, Zhang, & Wang, 2016). Alaska pollock surimi gel showed
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an increase in B-sheet content with a decrease in a-helix content (Cando, Herranz,
Borderias, & Moreno, 2015). Similar results were also reported by Nuiez-Flores,
Cando, Borderias, and Moreno (2018) that Alaska pollock surimi gel showed obvious
decreased a-helix content compared with raw surimi due to heating at 90 °C for 30 min,
which caused an increase in B-sheet content during gelation. Besides, Cando, Herranz,
Borderias, and Moreno (2016) reported that a higher -sheet content was observed at
3% NaCl surimi paste than that at 0.3% NaCl, and the greater protein solubilization and
protein unfolding at the higher NaCl content induced an increase in B-sheet content and
a decrease in o-helix content during surimi gelation.

Moreover, FT-IR spectroscopy has also been applied to analyze secondary
structural changes of myofibrillar proteins under various conditions, such as aging
(Kirschner, Ofstad, Skarpeid, Host, & Kohler, 2004), heating (Bertram, Kohler, Bocker,
Ofstad, & Andersen, 2006; Wu et al., 2007), salting (Bocker et al., 2006; Wu et al.,
2006), and storage (Moosavi-Nasab, Alli, Ismail, & Ngadi, 2005). In addition, the
investigations of FT-IR on secondary structural changes of myofibrillar proteins as
affected by high pressure (Larrea-Wachtendorff, Tabilo-Munizaga, Moreno-Osorio,
Villalobos-Carvajal, & Pérez-Won, 2015), oxidative stress (Zhou, Zhao, Su, Cui, & Sun,
2014), and addition of polysaccharides (Fan et al., 2017; Y.-z. Zhou et al., 2014) and
MTGase (D. Cando et al., 2016) were reported as well. Therefore, FT-IR spectroscopy
has potential to analyze and characterize the secondary structural changes of fish
myofibrillar proteins related to surimi gelation, which would be a useful tool to monitor

the surimi gelation at molecular level.
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CHAPTER I
PHYSICOCHEMICAL PROPERTIES OF TILAPIA
(Oreochromis niloticus) ACTOMYOSIN SUBJECTED TO
HIGH INTENSITY ULTRASOUND IN LOW NaCl

CONCENTRATIONS

3.1 Abstract

Effects of high intensity ultrasound (HIU) on physicochemical properties of
tilapia (Oreochromis niloticus) actomyosin in low NaCl concentrations were
investigated. The protein content extracted in low NaCl concentrations (0.1-0.3 M NaCl)
increased with increasing HIU intensity up to 20.62 W/ecm? (p < 0.05). The effect of
HIU on actomyosin extractability in high NaCl concentrations (0.6 and 1.2 M NaCl)
was less obvious. Ca’’-ATPase activity and total sulfhydryl (SH) group content
decreased in both 0.2 and 0.6 M NaCl. HIU showed more pronounced effect on
oxidation of the SH groups in 0.6 M NaCl, while the reactive SH content at 0.2 M NaCl
increased after a prolonged exposure to HIU, suggesting conformational changes
induced by HIU. Surface hydrophobicity of actomyosin in 0.6 M NaCl increased with
increasing ultrasonic intensity and exposure time to a higher degree than that in 0.2 M
NaCl. A greater absolute value of the zeta potential of actomyosin subjected to HIU
were also observed. The HIU treatments decreased the turbidity of actomyosin

incubated at 40 and 60 °C. A drastic increase in the solubility of myosin heavy chain
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(MHC) and actin with 0.2 M NaCl were evident when HIU treatments were applied,
but degradation of MHC occurred in both 0.2 and 0.6 M NaCl. Based on particle size
and microstructure, actomyosin in 0.6 M NaCl underwent more disruption by HIU than
that in 0.2 M NaCl. HIU induced protein unfolding and protein dissociation, enabling
better extraction in a lower NaCl concentration.

Keywords: NaCl, actomyosin, high intensity ultrasound, physicochemical properties

3.2 Introduction

Mpyofibrillar proteins are salt-soluble proteins requiring > 0.3 M NaCl
concentrations for solubilization and gelation. Hence, sodium chloride plays a key role
in the gelation of muscle foods. Currently, the reduction of sodium in foods has been
driven by more consumers since excessive sodium intake can cause health problems,
such as hypertension and cardiovascular diseases (Kloss, Meyer, Graeve, & Vetter,
2015). To meet consumer demand, the production of low-salt or reduced-salt muscle
food gels has been developed based on various strategies. The partial substitution of
NaCl with other salts, especially KCl, is commonly practiced, but has negative effects
on flavor and texture (Tahergorabi & Jaczynski, 2012). The addition of various
additives, such as sodium pyrophosphate (Chang, Hultin, & Dagher, 2001), microbial
transglutaminase (Uresti, T¢éllez-Luis, Ramirez, & Vazquez, 2004) and amino acids
(e.g., lysine, cysteine and histidine) (Cando, Herranz, Borderias, & Moreno, 2016), has
also been studied to improve the gel properties of myofibrillar proteins at low-salt or
reduced-salt levels. In addition, some alternative processing techniques such as
microwave (Fu et al., 2012) and high pressure (Cando, Herranz, Borderias, & Moreno,

2015) processes have been applied.
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Recently, applications of high intensity ultrasound (HIU) have been explored in
food research, because HIU is regarded as a safe, nontoxic and environmentally friendly
technology. HIU has a low frequency (16-100 kHz) and high power (typically 10-1000
W/cm?) (Soria & Villamiel, 2010). Cavitation, the formation of microstreaming and
highly reactive free radicals (H,O — -H + -OH)), typically take place during sonication,
leading to energy accumulation, high shear energy waves, and possible chemical
reactions (Soria et al., 2010). This would eventually affect the physicochemical
properties of food components, especially myofibrillar proteins.

Based on HIU principle, it is possible to increase solubility of myofibrillar
proteins at relatively low salt concentrations. This would, in turn, improve gel
properties at low-salt or reduced-salt levels. It has been reported that HIU not only
causes protein dissociation and improves the solubility of myofibrillar proteins at high
ionic strength (Saleem & Ahmad, 2016) but also induces the exposure, aggregation
and/or oxidation of some functional groups of myofibrillar proteins (e.g., hydrophobic
and sulthydryl groups) (Liu, Liu, Xiong, Fu, & Chen, 2017). Furthermore, HIU has
been proven to accelerate the mass transfer of NaCl in meat tissues (McDonnell, Lyng,
& Allen, 2014). In addition, the potential of HIU to improve the gel properties of
myofibrillar proteins (Zhang, Regenstein, Zhou, & Yang, 2017) has also been reported.
The aforementioned studies focused on a typical high salt concentration, e.g., 0.6 M
NaCl. To the best of our knowledge, little information is available on the application of
HIU to myofibrillar proteins exposed to low salt concentrations, which myofibrillar
proteins show limited solubility. It is, thus, necessary to gain more understandings on

how myofibrillar proteins behave in low salt concentrations under HIU treatment. This
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would ultimately pave a way for development of low-salt and/or reduced-salt
actomyosin gel without any sodium substitutes. Generally, the gel formation of food
proteins involves the partial denaturation of proteins and subsequent irreversible
aggregation (Lanier, Carvajal, & Yongsawatdigul, 2005). Thus, the physicochemical
changes to the myofibrillar proteins that are induced by HIU could affect their
denaturation and aggregation, which ultimately govern textural properties. Therefore,
this study aimed at investigating changes of physicochemical properties of tilapia

myofibrillar proteins exposed to HIU under low salt concentrations.

3.3 Materials and methods

3.3.1 Materials

Live tilapia (Oreochromis niloticus), with sizes of 1-1.5 kg, were
purchased from a local market in Nakhon Ratchasima, Thailand. The fish were
transported within 30 min of purchase to the laboratory at Suranaree University of
Technology in a polystyrene foam box filled with ice. Upon arrival, live fish were
humanely killed by percussion to the brain, then eviscerated, deskinned and washed
with tap water. The whole process was conducted on ice. Subsequently, the dorsal
muscle was manually collected and vacuum-packed. The actomyosin was prepared
immediately.

Phenylmethanesulfonyl fluoride (PMSF, CAS: 329-98-6), adenosine 5'-
triphosphate disodium salt hydrate (ATP, CAS: 34369-07-8) and 8-anilino-1-
naphthalenesulfonic acid (ANS, CAS: 82-76-8) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Bovine serum albumin (BSA, CAS: 9048-46-8) and 5,5’-

dithiobis (2-nitrobenzoic acid) (DTNB, CAS: 69-78-3) were purchased from Fluka
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(Buchs, Switzerland). The reagents used for gel electrophoresis were purchased from
Bio-Rad (Hercules, CA, USA). All the other chemicals used were of analytical grade.
3.3.2 Actomyosin preparation
Actomyosin was prepared according to the method of Yongsawatdigul
and Park (2003), with some modifications. The minced fish (100 g) was homogenized
with 500 ml of a low ionic strength buffer (20 mM sodium phosphate containing 50
mM NaCl and 0.05 mM PMSF, pH 7.0) for 2 min using a homogenizer (T25 digital
ULTRA-TURRAX, IKA Works, Inc., Wilmington, NC, USA). The homogenate was
centrifuged at 5,000xg (CR 22 GIII, Hitachi Ltd., Tokyo, Japan) for 10 min at 4 °C. The
supernatant containing sarcoplasmic proteins was discarded. The obtained precipitate
was homogenized with the same buffer and centrifuged once more. Then, the resultant
residue was homogenized in 1 L of a high ionic strength buffer (20 mM sodium
phosphate containing 0.6 M NaCl, pH 7.0) and centrifuged at 10,000xg for 10 min at
4 °C. Subsequently, the supernatant was collected and diluted with 3 volumes of cold
distilled water (4 °C) to precipitate the actomyosin. The precipitate was collected by
centrifugation at 10,000xg for 10 min at 4 °C. Water was removed from the precipitate
by centrifugation at 12,500xg for 15 min at 4 °C. The obtained pellet was referred to as
actomyosin and used within 24 h. Three independent extractions using different lots of
fish were carried out.
3.3.3 HIU treatments
The HIU treatments were performed using an ultrasonic processor
(Q500 sonicator, Qsonica L.L.C, Newtown, CT, USA) equipped with a titanium probe
(12 mm-diameter) and at a frequency of 20 kHz. During sonication, samples were

immersed in an ice bath to maintain sample temperature around 4-8 °C. The sonicator
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probe was immersed to a depth of 2.5-3 c¢cm in the middle of the container. Actomyosin
(5 g) was dissolved in 30 ml of 20 mM sodium phosphate buffer (pH 7.0) containing
various NaCl concentrations (0.1, 0.2, 0.3, 0.6 and 1.2 M). The samples in the 50 ml
centrifuge tubes were subjected to HIU treatments at amplitudes of 40, 70 and 100%
for sonication time of 3 min using a pulse mode of on for 2 s and off for 5 s.
Subsequently, the samples were centrifuged at 8,000xg for 20 min at 4 °C. The
supernatants were analyzed to determine the extractable protein content (mg/ml), which
was measured by the Bradford method using BSA as the standard (Bradford, 1976).

Based on the first trial, the NaCl concentrations of 0.2 and 0.6 M and amplitudes
of 40 and 70% were selected for the sonication time evaluation. Actomyosin (5 g) was
dissolved in 30 ml of a 20 mM sodium phosphate buffer (pH 7.0) containing either 0.2
M or 0.6 M NaCl. The samples were treated at amplitudes of 40 and 70% for sonication
times of 3, 6 and 9 min using the pulse mode, as mentioned above. Subsequently, the
samples were centrifuged at 8,000xg for 20 min at 4 °C, and the supernatants were
collected and analyzed to determine the extractable protein content, Ca*"-ATPase
activity, total and reactive sulthydryl group content, and surface hydrophobicity. The
particle size, zefa potential, and turbidity were measured, and SDS-PAGE and light
microscopy were also performed for the samples subjected to HIU at amplitudes of 40
and 70% for 6 min. The controls (not subjected to the HIU treatment) were also
prepared.

The ultrasonic intensity was determined by calorimetry using a thermocouple
(54 Series II thermometer, Fluke Corporation, Everett, WA, USA) and expressed in
watts per unit area of the emitting surface (W/cm?) according to Jambrak, Lelas, Mason,

Kresi¢, and Badanjak (2009). In this study, an HIU amplitude of 40, 70 and 100%
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corresponded to an ultrasonic intensity of 7.04, 13.37 and 20.62 W/cm?, respectively.
3.3.4 Ca’*-ATPase activity

The Ca?*-ATPase activity of actomyosin was determined using the
method described by Benjakul, Seymour, Morrissey, and An (1997)_with some
modifications. The samples prepared in either 0.2 M or 0.6 M NaCl were diluted to 4
mg/ml with extraction buffer containing NaCl. The diluted sample (500 ul) was added
to 250 pl of 0.6 M Tris-maleate (pH 7.0), 250 pl of 0.1 M CaCly, and 3.75 ml of
deionized water. The mixture was incubated at 25 °C for 5 min, and 250 pl of 20 mM
ATP was subsequently added to the mixture and incubated at 25 °C for exactly 8 min.
The reaction was stopped by the addition of 2.5 ml of chilled 15% (w/v) trichloroacetic
acid (TCA). The reaction mixture was then centrifuged at 3,500xg for 5 min, and the
inorganic phosphate (Pi) liberated in the supernatant was measured by a UV/Vis
spectrophotometer (GENESYS 10S, Thermo Scientific, Waltham, MA, USA) using
KH,PO; as a standard. The absorbance was measured at 640 nm. The Ca**-ATPase
activity was expressed as pmol of Pi/mg protein/min at 25 °C. A blank was prepared by
adding chilled TCA prior to the addition of ATP.

3.3.5 Total and reactive sulfhydryl group content

The total and reactive sulfhydryl (SH) group contents of actomyosin
were determined using the method described by Yongsawatdigul et al. (2003) with
slight modifications. To measure the total SH group content, 0.5 ml of the sample was
mixed with 4.5 ml of the corresponding extraction buffers (0.2 M or 0.6 M NacCl, 50
mM sodium phosphate buffer, pH 7.0) containing 8 M urea and 10 mM
ethylenediaminetetraacetic acid (EDTA). To 2 ml of the mixture, 0.2 ml of Ellman’s

reagent (0.1% DTNB in 50 mM NaH;PO4 buffer, pH 7.0) was added. The reaction
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mixture was incubated at 40 °C for 25 min. The reactive SH group content was
determined by incubating the reaction mixtures in the buffer without urea at 4 °C for 1
h. The absorbance was measured at 412 nm, and the total and reactive SH group
contents were calculated using the molar extinction coefficient of 13,600 M™! cm™ and
expressed as mol/10° g protein (Ellman, 1959).
3.3.6 Surface hydrophobicity measurement

According to the slightly modified method of Yongsawatdigul et al.
(2003), the surface hydrophobicity of actomyosin was determined using ANS, a
hydrophobic fluorescent probe. Actomyosin was diluted with a buffer (20 mM sodium
phosphate containing either 0.2 M or 0.6 M NaCl, pH 7.0) to obtain a series of protein
concentrations (0.1, 0.15, 0.2, 0.25, and 0.3 mg/ml). To 2 ml of the protein solution, 10
pl of 8 mM ANS in a 0.1 M sodium phosphate buffer (pH 7.0) was added and mixed
well. The samples were kept in the dark at room temperature for 10 min. The
fluorescence intensity of the samples were measured using a spectrofluorometer (FP-
8300, JASCO, Easton, MD, USA) at excitation and emission wavelengths of 374 and
485 nm, respectively, and a 5 nm width was used for both the excitation and emission
slits. The surface hydrophobicity (So-ANS) of the sample was calculated from the slope
of the relative fluorescence (R) versus the percentage of the protein concentration by
linear regression analysis. R was defined according to Monahan, German, and Kinsella

(1995)_as follows:

R=(F—F,)/ F.,

where F is the fluorescence intensity of the sample containing ANS, and F, is

the fluorescence intensity of the ANS solution prepared without the sample.
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3.3.7 Particle size and zeta potential
Actomyosin was diluted to 0.2 mg/ml with a buffer (20 mM sodium
phosphate containing either 0.2 M or 0.6 M NaCl, pH 7.0). The particle size and zeta
potential of actomyosin (0.2 mg/ml) were measured using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK) instrument, with the corresponding
buffer (20 mM sodium phosphate containing either 0.2 M or 0.6 M NaCl, pH 7.0) used
as a dispersant. The measurements were performed at 25 °C.
3.3.8 Turbidity determination
The turbidity was measured according to the method of Yongsawatdigul
and Park (1999), with some modifications. Actomyosin was diluted to 0.2 mg/ml with
a buffer (20 mM sodium phosphate containing either 0.2 M or 0.6 M NaCl, pH 7.0).
The diluted actomyosin (0.2 mg/ml) was placed in a quartz cuvette (light path length of
10 mm) and heated at 40 and 60 °C for 30 min. The designated temperatures were
obtained within 1 min for all the samples. The turbidity changes were monitored at 320
nm using a UV/Vis spectrophotometer (GENESYS 10S, Thermo Scientific, Waltham,
MA, USA) connected to an air cooled single cell Peltier cooler (SPG 1A, Thermo
Scientific, USA). The absorbance at 320 nm was automatically recorded at 1-min
intervals using the kinetics mode and was used to reflect the turbidity changes.
3.3.9 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)
The protein patterns of actomyosin with and without receiving the HIU
treatments were analyzed by SDS-PAGE (Laemmli, 1970) using a Mini-Protein

electrophoresis system (Bio-Rad Laboratories, Inc., USA). Briefly, the sample was
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mixed with the treatment buffer (0.125 M Tris—HCl, 4% SDS, and 20% glycerol, pH
6.8) at a ratio of 1:1 (v/v), which was followed by incubating the sample at 95 °C for 5
min. Since the sample dissolved in 0.2 M NaCl without receiving the HIU treatments
showed a limited solubility of 0.3 mg/ml, only 2.25 pg of the protein was loaded onto
the polyacrylamide gel, which comprised 10% running gel and 4% stacking gel. For the
other samples, 20 ug of the protein was loaded. The gels were run at a constant voltage
of 100 V. The gels were stained in 0.125% Coomassie Brilliant Blue R-250 and
destained in a solution containing 25% methanol and 10% acetic acid. The gels were
photographed by a UVITEC imaging system (Fire reader V4, Uvitec Ltd., Cambridge,
UK).
3.3.10 Light microscopy
The microstructures of actomyosin with and without receiving the HIU
treatments were visualized using a light microscope (Eclipse Ts2, Nikon Instruments
Inc., Tokyo, Japan). The sample (50 pl) was spread onto a glass slide and viewed under
the light microscope at room temperature. The image was taken at a 400x magnification.
3.3.11 Statistical analysis
Three independent triplicates were performed for all the experiments.
The statistical analysis was conducted using SPSS version 23.0 (SPSS Inc., Chicago,
IL, USA). The difference between the means was analyzed by analysis of variance

(ANOVA) and Duncan’s multiple-range test (DMRT) at a significance level of p < 0.05.

3.4 Results and discussion

3.4.1 Protein extractability

At lower NaCl concentrations (0.1, 0.2 and 0.3 M NaCl), the extractable
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protein content continuously increased compared to the control with increasing
ultrasonic intensity (Figure 3.1A). Nevertheless, no obvious effect of HIU was found at
higher NaCl concentrations (0.6 and 1.2 M NaCl) (Figure 3.1A). Myofibrillar proteins
are likely to be fully extracted at higher NaCl concentrations, and an increase in the
ultrasonic intensity, thus, did not further improve extraction. At ultrasonic intensities of
7.04 and 13.37 W/cm?, the extractable protein content determined using 0.2 M NaCl
gradually increased with increasing sonication time up to 9 min, and a more pronounced
effect was observed at 13.37 W/cm? (Figure 3.1B). During sonication, ultrasonic energy
triggers extremely high alterations in pressure, resulting in formation of small rapidly
growing bubbles, which expand during the negative pressure excursion and implode
violently during the positive excursion, leading not only to high temperatures (5000 K)
and pressures (1000 atm), but also high shear energy waves and turbulence in cavitation
zone (James; Soria et al., 2010). The shear energy waves and turbulence generated by
cavitation may disrupt myofibrils and dissociate myosin aggregates, leading to higher
extractability at lower NaCl concentrations. Ultrasonic energy has also been reported
to change the spatial conformation and microstructure of chicken actomyosin, resulting
in an increased protein solubility (Zou et al., 2018). A higher ultrasonic intensity and
longer sonication time resulted in a more pronounced effect due to more accumulated
energy. Protein solubility of chicken actomyosin in 0.1 M NaCl also increased with
increasing sonication time (Saleem, Hasnain, & Ahmad, 2015).

However, using 0.6 M NaCl, the protein content extracted by applying HIU for
6 min only increased by 22% compared to the control. A longer sonication time of 9
min resulted in a decrease in the extracted protein content (Figure 3.1C). The

extractable protein content of actomyosin in 0.2 M NaCl treated with an ultrasonic
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intensity of 13.37 W/cm? for 9 min was comparable to that in 0.6 M NaCl without
receiving the HIU treatments. HIU increased the solubility of actomyosin in 0.2 M NaCl
by up to 14.7 times (Figure 3.1B), while an increase of only 1.2 times was observed in
0.6 M NaCl (Figure 3.1C). The extraction of myofibrillar proteins in 0.6 M NaCl may
reach the plateau, resulting in a slight increase in protein extractability after HIU
treatments. At lower NaCl concentrations, HIU was likely to disrupt myofibrils and
dissociate myosin aggregates, leading to more actomyosin extractability. Our study
demonstrated the potential of HIU for extraction myofibrillar proteins at lower NaCl

concentrations.
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symbols indicate the differences between the treatments (p < 0.05).
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3.4.2 Ca’*-ATPase activity

The Ca?"-ATPase activity of actomyosin decreased with increasing
ultrasonic intensity and time at both studied concentrations of NaCl (p < 0.05, Figure
3.2). The Ca®"-ATPase activity reflects the integrity of the globular head of myosin
(Chan, Gill, Thompson, & Singer, 1995). Thus, the decrease in the Ca**-ATPase activity
suggested that the conformation of the myosin globular head changed after sonication,
which progressed as the ultrasonic intensity and time increased. High pressure, high
shear energy waves and turbulence generated by ultrasound vitally contributed to
conformational changes of myosin globular head, leading to decreased Ca**-ATPase
activity. The Ca?*-ATPase activity of chicken actomyosin in 0.6 M NaCl decreased after
receiving ultrasonic treatments for 5-30 min (Saleem et al., 2016). Liu et al. (2017) also
reported that the Ca**-ATPase activity of silver carp myosin in 0.5 M NaCl significantly
decreased with increasing ultrasonic power and time. The remaining Ca**-ATPase
activity of actomyosin in 0.2 M NaCl was higher than that in 0.6 M NaCl for all the
HIU conditions (Figure 3.2). These results indicated that fully soluble actomyosin in
0.6 M NaCl was more susceptible to conformational changes induced by cavitation.
The larger extent of protein unfolding at 0.6 M NaCl exposed more active sites at
myosin globular head, which were likely to be destroyed during sonication due to the
cavitation effects, resulting in greater reduction in Ca**-ATPase activity. A decrease in
the Ca?*-ATPase activity of chicken actomyosin in a higher ionic strength buffer was

also greater than that in a lower ionic strength buffer (Saleem et al., 2015).
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no HIU treatments in 0.2 and 0.6 M NaCl was considered to be 100%.

3.4.3 Total and reactive sulfhydryl groups
The total sulfhydryl (SH) groups represent all the SH groups in the
protein structure, whereas the reactive SH groups refer to the SH groups that are

available to react with DTNB. Generally, the total SH group content of the sample after
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receiving the HIU treatments in both 0.2 and 0.6 M NaCl decreased compared to the
control (Figure 3.3A and B), indicating that HIU induced the oxidation of the SH groups.
During sonication, reactive free radicals can be produced from water molecules
(H2O — ‘H + -OH), which can further react to form hydrogen peroxide (H>O>) (Hu et
al., 2013; Milne, Stewart, & Bremner, 2013; Riesz & Kondo, 1992). H>O; is a strong
oxidizing agent that can promote the oxidation of SH groups. The oxidation of SH
groups (Figure 3.3A and B) also implied that disulfide bonds might be formed during
sonication probably through myosin globular heads, causing decreased Ca**-ATPase
activity (Figure 3.2). Zhang et al. (2017) reported that the total SH content of chicken
myofibrillar protein in 0.6 M KCl decreased as the ultrasonic intensity increased up to
193 W/cm?. The total SH content of silver carp myosin in 0.5 M NaCl also decreased
when the ultrasonic power and time increased (Liu et al., 2017). Our results also
indicated that a higher ultrasonic intensity (13.37 W/cm?) induced more oxidation of
SH groups than a lower intensity for samples in both the studied NaCl solutions with
different concentrations.

Similarly, the reactive SH content of actomyosin in 0.6 M NaCl after the HIU
treatments was lower than that of the control and decreased with increasing sonication
time (Figure 3.3D). Some SH groups were exposed on the surface of the protein due to
the partial unfolding of myosin in 0.6 M NaCl and were susceptible to being oxidized
during sonication. Longer HIU exposures induced more oxidation of SH groups,
leading to a decrease in the reactive SH content. In addition, the reactive SH content of
silver carp myosin in 0.5 M NaCl gradually decreased as the ultrasonic power and time
increased (Liu et al., 2017). The reduction in the total SH content of samples exposed

to HIU (13.37 W/cm? for 9 min) and in 0.6 M NaCl was approximately 31%, which



S7

was greater than that of the reactive SH content (15%). A decrease in both the total and
reactive SH contents suggested the HIU-induced oxidation of SH groups in 0.6 M NacCl.
In contrast, the reactive SH content of the samples in 0.2 M NaCl increased after a
prolonged exposure to HIU (Figure 3.3C). This implied that buried SH groups were
brought to the surface due to the protein unfolding induced by the HIU treatment. Based
on ultrasound principle, the physical forces (e.g., pressure and shear) resulted from
cavitation are likely the main cause of this conformational changes. A longer HIU
exposure was required to increase the reactive SH content when a lower ultrasonic
intensity (7.04 W/cm?) was used.

Our study revealed that HIU showed more pronounced effect on oxidation of
the SH groups than on exposure of buried SH groups in 0.6 M NaCl. It was speculated
that oxidation of SH was promoted under high NaCl as actomyosin exposed more
buried SH groups, resulting in a greater reduction in total SH content. In addition, free
radicals generated from cavitation accelerated oxidation of exposed SH groups.
However, actomyosin in solutions with low NaCl concentrations (0.2 M) was in the
aggregated form and underwent lesser degree of unfolding, leading to lower degree of

SH oxidation, particularly at shorter exposure time of 3 min.
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3.4.4 Surface hydrophobicity

HIU induced the exposure of hydrophobic residues of actomyosin in
both 0.2 and 0.6 M NacCl, as seen by the increase in the So-ANS (Figure 3.4). The
exposure of more hydrophobic groups suggested that the myosin rod unfolded, as the
hydrophobic groups of natural myosin are buried in the a-helical regions (Taguchi,
Ishizaka, Tanaka, Nagashima, & Amano, 1987). This is mainly due to cavitation
generated by HIU. High pressure generated from cavitation could compress protein,
causing void disruption and conformational changes. Moreover, incorporation of air
bubbles and adsorption of protein molecules to the air—liquid interface occurred when
shear force generated during sonication, which also gave rise to conformational changes
of proteins. These physical forces might also dissociate myosin aggregates, resulting in
more exposure of hydrophobic groups. These events contributed to greater protein
unfolding under HIU treatments, which might also lead to more protein extractability

(Figure 3.1).
The So-ANS values obtained in 0.2 M NaCl were lower than those in 0.6 M
NaCl. Myosin was found to assemble into filaments in lower salt concentrations due to
hydrophobic interactions (G. Wang et al., 2018), resulting in samples having lower So-
ANS values in 0.2 M NaCl. In contrast, a high ionic strength leads to more hydrophobic
residues of the myosin molecules being exposed. Actomyosin in 0.6 M NaCl had a So-
ANS that increased by 236% after subjected to a higher ultrasonic intensity (13.37
W/cm?). Myosin molecules disperse as monomers in 0.6 M NaCl (Ishioroshi, Samejima,
& Yasui, 1983), leading to larger extent of protein unfolding, and hydrophobic groups
were more easily exposed when HIU energy was applied. In contrast, protein unfolding

induced by HIU was still limited in 0.2 M NaCl, in which myosin existed as aggregates.
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The results of So-ANS suggested that HIU induced higher degree of unfolding for
actomyosin in 0.6 M NaCl than that in 0.2 M NaCl. This could be one of reasons
explaining a drastic decrease in the Ca’*-ATPase activity (Figure 3.2A). When
excessive exposure of hydrophobic groups in 0.6 M NaCl occurred (Figure 3.4B), it
may lead to aggregate formation through hydrophobic interactions, causing lower

protein solubility after longer HIU exposure (Figure 3.1C).
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Figure 3.4 Effects of the HIU treatments on the surface hydrophobicity of actomyosin
in 0.2 M NaCl (A) and 0.6 M NaCl (B). The different superscripts indicate

significant differences between the treatments (p < 0.05).
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3.4.5 Particle size

The mean particle size of actomyosin in both 0.2 and 0.6 M NaCl
decreased after the HIU treatments (p < 0.05), but an increase in the ultrasonic intensity
from 7.04 to 13.37 W/cm? had no effect on the particle size (p > 0.05, Figure 3.5A).
Actomyosin subjected to HIU was violently agitated by a high shear energy and
turbulence, resulting in disruption of myofibrils and dissociation of myosin aggregates.
The average particle size of chicken myofibrillar protein in 0.6 M KCl decreased from
2084.6 to 271.3 nm after an HIU treatment with an ultrasonic intensity of 193 W/cm?
(Zhang et al., 2017). Liu et al. (2017) reported that the mean particle size of silver carp
myosin in 0.5 M NaCl decreased by approximately 32% when treated with an
ultrasound power of 250 W for 12 min. Without applying HIU, the particle size of
actomyosin in 0.2 M NaCl was smaller than that in 0.6 M NaCl. In addition, the size
reduction induced by HIU for samples in 0.6 M NaCl was more remarkable compared
with that of samples in 0.2 M NaCl. In 0.6 M NaCl, filament aggregates were looser
due to a higher extent of protein unfolding and, thus, were more susceptible to be broken
down by HIU, leading to a greater decrease in the mean particle size. A decrease in the
particle size could also contribute to the increased extractable protein content (Figure

3.1), as a larger surface area of protein might improve the protein-water interactions.
HIU not only reduced the particle size of actomyosin but also improved the
uniformity of the particle size distribution (Figure 3.5B and C). In 0.2 M NaCl,
actomyosin receiving no HIU treatment had a size distribution with a dominant peak at
approximately 1,100 nm and two other smaller peaks, while only double peaks at 120-
540 nm were observed for the HIU-treated sample size distribution (Figure 3.5B).

Actomyosin in 0.6 M NaCl also had a size distribution with double peaks at 250 and
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1,690 nm, but only one dominant peak at 340-380 nm was evident after the HIU
treatment (Figure 3.5C). The more uniform size distribution might also be due to a
shearing effect resulting from cavitation. The particle size distribution of silver carp

myosin in 0.5 M NacCl also became narrower with increasing ultrasonic power and time

(Liu et al., 2017).
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Figure 3.5 Effects of the HIU treatments on the mean particle size (A) and size
distribution of actomyosin in 0.2 M NaCl (B) and 0.6 M NaCl (C). The
different superscripts indicate significant differences between the

treatments (p < 0.05). The HIU exposure time was 6 min.

3.4.6 Zeta potential

Actomyosin in 0.2 M NaCl had larger absolute values of the zeta
potential than actomyosin in 0.6 M NaCl regardless of the HIU treatment (Figure 3.6).
The negative zeta potential values indicated that more amino acids with negative
charges than positive charges were present on the protein surface of actomyosin. A
higher salt concentration (0.6 M NaCl) resulted in lower absolute values of the zeta
potential. This was likely due to the decreased thickness of the electrical double layer,
which resulted from increasing the ionic strength of the medium (Salgin, Salgin, &
Bahadir, 2012). Wu et al. (2016) also reported that at a pH of 7.5, the zeta potential of
pork myofibrillar proteins decreased when the NaCl concentration increased from 0 to

0.8 M. HIU increased the absolute values of the zeta potential of actomyosin in 0.2 M
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NaCl (p < 0.05, Figure 3.6). This could be attributed to the disruption of protein
aggregates and exposure of more charged groups, which was induced by the cavitaion.
The increased absolute values of the zefa potential were in agreement with previous
study on chicken myofibrillar proteins in 0.6 M KCl (Zhang et al., 2017). The absolute
value of the zefa potential of actomyosin in 0.6 M NaCl increased when the applied
ultrasonic intensity was 7.04 W/cm? (p < 0.05, Figure 3.6) and further increasing the
intensity did not further increase the zefa potential (p > 0.05, Figure 3.6). It seemed that
HIU had less of an effect on the zefa potential of the samples in 0.6 M NaCl, which was
probably because the extent of the unfolding induced by HIU was greater for

actomyosin in 0.2 M NacCl than in 0.6 M NaCl (Figure 3.3C).
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Figure 3.6 Effects of the HIU treatments on the zeta potential of actomyosin in 0.2 and
0.6 M NaCl. The different superscripts indicate significant differences

between the treatments (p < 0.05). The HIU exposure time was 6 min.

3.4.7 Turbidity

Generally, the HIU treatments decreased the turbidity of actomyosin at
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40 and 60 °C for samples in both NaCl concentrations (p < 0.05, Figure 3.7). As HIU
reduced the particle size and improved the size uniformity of actomyosin in both 0.2
and 0.6 M NaCl (Figure 3.5), smaller protein aggregates resulted in decreased turbidity.
HIU treatments also decreased the turbidity of chicken myofibrillar protein at an
intensity of 193 W/cm? (Zhang et al., 2017). The turbidity of sample receiving no HIU
treatment in 0.2 M NaCl was higher than that of sample receiving no HIU treatment in
0.6 M NaCl when the samples were incubated at 40 °C (Figure 3.7A), but was lower
when the samples were incubated at 60 °C (Figure 3.7B). A high NaCl concentration
(0.6 M) decreased the electrostatic interactions due to screening effects (Haug, Draget,
& Smidsred, 2004), which might promote the dissolution of myosin and result in a
lower turbidity at 40 °C. A lower turbidity of chicken actomyosin (Saleem et al., 2015)
and silver carp myosin (G. Wang et al., 2018) were also reported in solutions with a
higher ionic strength. The greater extent of protein unfolding that occurred in 0.6 M
NaCl led to more hydrophobic residues being exposed, which promoted hydrophobic
interactions at a higher temperature (60 °C). This would, in turn, result in a higher
turbidity than that observed for the samples in 0.2 M NaCl. Nevertheless, the HIU-
treated samples did not show significant higher turbidities when the temperature
increased from 40 to 60 °C. Comparing the extent of aggregation of the HIU-treated
actomyosin with that of the control (without HIU) would not be plausible. HIU reduced
the particle size of actomyosin (Figure 3.5A), which resulted in a lower extent of light
scattering and lower absorbance at 320 nm. HIU-treated actomyosin was expected to

unfold to a greater extent (Figure 3.4), in which case aggregates could readily form.
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Figure 3.7 Effects of the HIU treatments on the turbidity changes of actomyosin

incubated at 40 (A) and 60 °C (B) for 30 min in 0.2 and 0.6 M NaCl. The

HIU exposure time was 6 min.

3.4.8 SDS-PAGE
Without HIU, myosin and actin were scarcely extracted in 0.2 M NaCl,
but more protein was solubilized after the 6 min HIU treatments with intensities of 7.04
and 13.37 W/cm? (Figure 3.8). This was consistent with the extractable protein content
(Figure 3.1). These findings confirmed that HIU could facilitate actomyosin extraction
in 0.2 M NaCl. The myosin heavy chain (MHC) bands of HIU-treated actomyosin in

both 0.2 and 0.6 M NaCl became thinner when the ultrasonic intensity was increased
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from 7.04 to 13.37 W/cm?. In addition, bands with smaller molecular weights (66-200
kDa) were evident and appeared to increase with increasing ultrasonic intensity. This
phenomenon indicated that MHC underwent degradation to some extent under HIU.
This is probably due to high shearing effect and/or cleavage of peptide bonds by
ultrasonic-generated free radicals (Zhang, Zhang, Chen, & Zhou, 2018). Liu et al. (2017)
reported that HIU induced the degradation of the MHCs of silver carp myosin. Based
on SDS-PAGE, HIU not only improved the solubility of myosin and actin in 0.2 M

NaCl but also induced the degradation of MHCs in both NaCl concentrations.
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Figure 3.8 SDS-PAGE patterns of actomyosin subjected to the HIU treatments. M =
protein markers; A = 0.2 M NaCl/control; B = 0.2 M NaCl treated with an
ultrasonic intensity of 7.04 W/cm?; C = 0.2 M NaCl treated with an
ultrasonic intensity of 13.37 W/cm?; D = 0.6 M NaCl/control; E = 0.6 M
NaCl treated with an ultrasonic intensity of 7.04 W/cm?; F = 0.6 M NaCl
treated with an ultrasonic intensity of 13.37 W/cm?. The HIU exposure

time was 6 min.
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3.4.9 Microstructure

Without HIU, actomyosin in 0.2 M NaCl contained denser filament
aggregates compared to that in 0.6 M NaCl (Figure 3.9A and D). It was evident that
HIU significantly changed the shape and filament length of the actomyosin aggregates
in both NaCl concentrations. When an ultrasonic intensity of 7.04 W/cm? was applied,
actomyosin in 0.2 M NaCl formed looser aggregates with shorter and smaller filaments
compared to the control (Figure 3.9B). As the ultrasonic intensity increased to 13.37
W/cm?, shorter filaments with less packed actomyosin were evident (Figure 3.9C).
Strong shear energy waves and turbulence generated by ultrasound disrupted myofibril
filaments, loosening the filamentous structure and shortening the length. Moreover,
high pressure induced by ultrasonic waves probably promoted separation of filament
aggregates. Ultrasound has been reported to induce the dispersion of chicken muscle
proteins in 0.6 M KCI (Saleem et al., 2016; J. Wang, Yang, Tang, Ni, & Zhou, 2017;
Zou et al., 2018). The HIU-treated actomyosin in 0.6 M NaCl appeared to be more
filamentous, and the filaments had shorter lengths and smaller sizes compared with
those in 0.2 M NaCl, indicating that the actomyosin complex dissociated or disrupted
more easily in 0.6 M NaCl than in 0.2 M NaCl. This could probably due to the greater
extent of conformational changes in 0.6 M NaCl. These findings further proved that
HIU induced, to a greater extent, protein dissociation and the breakdown of aggregates
in both 0.2 and 0.6 M NaCl. The cavitation effect of HIU would be more pronounced
in 0.6 M NaCl, in which the actomyosin filament structures were looser, and thus more
likely to be disrupted by HIU. The results were also in consistent with the changes in
the particle size (Figure 3.5), which showed that the reduction of the mean particle size,

which was affected by HIU, was more obvious for actomyosin in 0.6 M NaCl.
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Figure 3.9 Microstructures of actomyosin treated by HIU treatments (magnification:
400x). A= 0.2 M NaCl/control; B =0.2 M NaCl treated with an ultrasonic
intensity of 7.04 W/cm? C = 0.2 M NaCl treated with an ultrasonic
intensity of 13.37 W/cm?; D =0.6 M NaCl/control; E = 0.6 M NaCl treated
with an ultrasonic intensity of 7.04 W/cm?; F = 0.6 M NaCl treated with
an ultrasonic intensity of 13.37 W/cm?. The HIU exposure time was 6 min.

Scale bar = 20 pm.

3.5 Conclusions

The protein solubility of actomyosin in low NaCl concentration (0.2 M) was
improved after HIU treatments. HIU showed more pronounced effect on oxidation of
SH groups than exposure of buried SH groups in 0.6 M NaCl. HIU also induced larger
degree of protein unfolding and conformational changes in 0.6 M NaCl than that in 0.2
M NaCl. Smaller aggregates of HIU-treated actomyosin were observed at 40 and 60 °C,
which was probably due to HIU reducing the particle size and improving the size

uniformity of actomyosin. HIU caused the MHCs to degrade in both NaCl



70

concentrations, but disruption of actomyosin induced by HIU appeared to be greater in
0.6 M NaCl. The results demonstrated that actomyosin can be efficiently extracted in
0.2 M NaCl by HIU, suggesting the potential of HIU technology in production of

low/reduced-salt actomyosin gel.
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CHAPTER IV
GELATION BEHAVIOR OF THREADFIN BREAM
SURIMI UNDER HIGH INTENSITY ULTRASOUND AT

VARIOUS NaCl CONTENTS

4.1 Abstract

Effects of high intensity ultrasound (HIU) treatments at ultrasonic intensities of
10.01, 13.28 and 16.45 W/cm? for 30 min on gelation behavior of threadfin bream
(Nemipterus spp.) surimi at various NaCl contents (0.5, 1 and 2% NaCl) were
elucidated. Protein extractability at 0.5% NaCl was increased with an increase in
ultrasonic intensity (p < 0.05); a decrease in the extractable protein content at 1 and 2%
NaCl was observed at a higher intensity of 16.45 W/cm?. At all tested NaCl contents,
reactive SH content and So-ANS of the surimi pastes were increased after HIU
treatments and were accompanied by a decrease in the Ca?’-ATPase activity and total
SH content, indicating a greater extent of unfolding and conformational changes
induced by HIU, particularly at 1 and 2% NacCl. Textural properties and color of surimi
gels at 0.5% NaCl were improved concomitant to an increase in ultrasonic intensity (p
<0.05), whereas HIU treatments resulted in inferior gels at 1 and 2% NaCl, which was
mainly attributed to an excessive protein unfolding. Scanning electron microscopy
(SEM) revealed that HIU resulted in higher levels of regular networks at 0.5% NaCl,
while the coarser gel networks were observed at 1 and 2% NaCl. HIU treatments

showed minimal effect on proteolysis of the surimi gels. Fourier transform infrared (FT-
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IR) spectroscopy indicated that the a-helix content of the surimi gels was decreased,
while the random coil levels were increased with an increase in ultrasonic intensity and
NaCl content, confirming that structural changes induced by HIU treatments were more
profound at higher NaCl contents (1 and 2% NaCl). The results suggested that HIU
technology could be applied to improve 0.5% NaCl surimi gel, whereas HIU had a
detrimental effect on the gels containing 1 and 2% NaCl.

Keywords: surimi, high intensity ultrasound, protein conformation, reduced salt

4.2 Introduction

Gelation is a critical parameter determining the quality of surimi because it
governs the textural and sensory characteristics of the surimi-based products. Gelation
of surimi is directly related to the myofibrillar proteins. Sodium chloride at 2-3% is
typically required to facilitate solubilization of the myofibrillar proteins (Lanier,
Carvajal, & Yongsawatdigul, 2005). A decrease in NaCl content results in poor gel-
forming ability of surimi becaue the protein is not adequately solubilized and is not
properly unfolded (Lanier et al., 2005). Thus, sodium chloride is an ingredient essential
for surimi gelation and gel quality largely depends on sodium chloride concentration.

High intensity ultrasound (HIU) is a green processing technology with low
frequency (16-100 kHz) and high power (10-1000 W/cm?) (Soria & Villamiel, 2010).
During sonication, the formation and collapse of cavitation bubbles results in energy
accumulation and strong microstreaming (Soria & Villamiel, 2010). Simultaneously, a
quantity of highly reactive free radicals (H2O — -H + -OH) could be produced from
water molecules; these radicals may react with and modify other molecules/reactive

groups (e.g., sulthydryl groups of proteins) (Soria & Villamiel, 2010). HIU has been
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recently applied to modify physicochemical properties of the myofibrillar proteins, such
as solubility (Liu, Liu, Xiong, Fu, & Chen, 2017; Zhang, Regenstein, Zhou, & Yang,
2017). It has been reported that HU induces unfolding of myofibrillar proteins,
exposing additional hydrophobic and sulthydryl groups (Wang, Yang, Tang, Ni, & Zhou,
2017; Zou et al., 2018). Hence, an increase in the soluble myofibrillar proteins and the
extent of protein unfolding are expected to lead to strong protein interactions and gel
networks. In addition, the previous chapter (Chapter III) suggested a potential use of
HIU technology in extraction of actomyosin in low NaCl concentrations. Thus, it is
assumed that HIU should positively contribute to the surimi gel under reduced salt
concentration due to increased solubility of the myofibrillar proteins, which are thought
to be the base element of gel formation. Nevertheless, myosin globular head might
undergo severe conformational changes in high NaCl concentration (0.6 M NaCl) after
subjected to HIU treatments (Figure 3.2 in Chapter III), implying that HIU may not be
good for typical surimi gel produced with 2-3% NaCl.

At present, only a few studies have focused on the application of HIU
technology in surimi gelation; HIU can be a promising technology that can improve the
surimi gel without the use of chemicals and/or enzymes. HIU-induced physicochemical
changes of fish actomyosin in different NaCl concentrations was illustrated in Chapter
III. However, how HIU treatment would affect gel properties of fish proteins exposed
to various NaCl contents has not yet been elucidated thus far. Therefore, the objectives
of this study were: (1) to investigate the effects of HIU treatments on gel properties of
threadfin bream surimi under low/reduced salt using 2% NaCl as a control; (2) to
illustrate physicochemical changes in threadfin bream surimi as a function of NaCl

contents and HIU. Understanding of gelation behavior of surimi under HIU is expected
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to provide the fundamental basis for utilization of the HIU technology in production of

the surimi-based products at low/reduced salt levels.

4.3 Materials and methods

4.3.1 Materials and reagents
Frozen threadfin bream surimi (Nemipterus spp.) was purchased from a
surimi plant at Samutsakorn, Thailand. Surimi samples did not contain egg white
protein. Samples were packed in a polystyrene foam box filled with ice and
immediately transported to a laboratory at Suranaree University of Technology. Upon
arrival, surimi was cut into 500-g blocks, vacuum-packed, and then kept at -40 °C until
use.

Bovine serum albumin (BSA) and 5, 5’-dithiobis (2-nitrobenzoic acid) (DTNB)
were obtained from Fluka (Buchs, Switzerland). 8-anilino-1-naphthalenesulfonic acid
(ANS) and Adenosine 5'-triphosphate disodium salt hydrate (ATP) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Reagents used for gel electrophoresis were
bought from Bio-Rad (Hercules, CA, USA). All other reagents were of analytical grade.

4.3.2 Preparation of surimi paste at various NaCl contents
Frozen surimi was thawed at 4 °C overnight and cut into approximately
3-cm cubes. Surimi cubes were chopped in a Stephan vacuum cutter (UM 5 universal,
Stephan Machinery Co., Columbus, OH, USA) at low speed for 1 min. Subsequently,
sodium chloride was added at 0.5, 1, and 2% (w/w) of the total weight of the surimi
paste and chopping was continued at low speed for 1 min. Then, the moisture content
of'the 0.5, 1 and 2% NaCl samples was adjusted to 81.5, 81 and 80% (w/w), respectively,

using ice, and the samples were chopped at low speed for another 1 min. All treatments
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contained the same amount of surimi. After addition of ice, chopping was conducted at
a high speed for 3 min under vacuum condition. The total chopping time was 6 min.
Chopping temperature was maintained below 10 °C using a chiller (RTE-101, NesLab,
Newington, NH, USA). Surimi paste was then vacuum-packed to remove air bubbles.
4.3.3 HIU treatments of surimi paste

HIU treatments of surimi paste were carried out using an ultrasonic
processor (Q500 sonicator, Qsonica L.L.C, Newtown, CT, USA) at a frequency of 20
kHz. Vacuum-packed surimi paste (540 g) was put into a container containing 1.2 L
water and then immersed in an ice bath to maintain sample temperature at
approximately 4-8 °C. A titanium probe (25 mm in diameter) connected with a booster
were immersed at a depth of 2.5-3cm in the middle of the container during sonication.
Samples were sonicated at an amplitude of 70, 85 and 100% for 30 min. A pulse mode
of on for 5 s and off for 5 s was used. Afterwards, surimi paste was used for
measurement of protein extractability (as detailed in section 2.4) and subsequent gel
preparation (section 2.8). Controls (without HIU treatment) were also prepared.

In this study, amplitude of 70, 85 and 100% with booster corresponded to
ultrasonic intensity of 10.01, 13.28 and 16.45 W/em?, respectively using the method
detailed by Jambrak, Lelas, Mason, Kresi¢, and Badanjak (2009), which were measured
using calorimetry by a thermocouple (54 Series II thermometer, Fluke Corporation,
Everett, WA, USA).

4.3.4 Protein extractability
Surimi paste with different salt contents of 0.5, 1, and 2% NaCl was
homogenized with 20 mM Tris-maleate buffer (pH 7.0) at a ratio of 1:9 (w/v) using a

homogenizer (T25 digital ULTRA-TURRAX, IKA Works, Inc., Wilmington, NC,
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USA). Buffer containing 0.1, 0.21 and 0.43 M NaCl was used for the samples
containing 0.5, 1 and 2% NaCl, respectively. Then, the homogenate was centrifuged at
8,000xg (Sorvall ST 16R Centrifuge, Thermo Scientific, Waltham, MA, USA) for 20
min at 4 °C. Supernatants were referred to as extractable protein and the protein content
(mg/ml) was determined by the Bradford method (Bradford, 1976). BSA was used as a
standard. Ca?"-ATPase activity, total and reactive sulfhydryl group contents, and
surface hydrophobicity of extractable protein were also analyzed.
4.3.5 Remaining Ca**-ATPase activity

Protein samples were diluted to 4 mg/ml with the corresponding
extraction buffer (20 mM sodium phosphate buffer containing 0.1, 0.21 or 0.43 M NaCl,
pH 7.0). Buffer containing 0.1, 0.21 and 0.43 M NaCl was used for the samples
containing 0.5, 1 and 2% NaCl, respectively. The diluted sample (500 pl) was added
with 250 pl of 0.6 M Tris-maleate (pH 7.0) and 250 pl of 0.1 M CaCl,. The NaCl
concentration in the reaction mixtures of 0.5, 1 and 2% NaCl samples was 0.1, 0.21 and
0.43 M NaCl, respectively. Deionized water was then added, making a total volume of
4.75 ml. Subsequently, measurement of Ca**-ATPase activity was conducted using the
method of Endoo and Yongsawatdigul (2014) and the results were expressed as pmol
of Pi/mg protein/min at 25 °C. Remaining Ca?"-ATPase activity (%) of threadfin bream

surimi paste was calculated as follows:

Remaining Ca?*-ATPase activity (%) = (Ax100)/Ao,

where Ag and A is Ca?*-ATPase activity of sample without HIU treatment and after

HIU treatments at each NaCl content, respectively.
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4.3.6 Measurement of total and reactive sulfhydryl group
For measurement of total sulthydryl group (SH) content, 0.5 ml of
protein sample was added to 4.5 ml of the corresponding extraction buffer (0.1, 0.21 or
0.43 M NaCl, 50 mM sodium phosphate buffer, pH 7.0) with 8 M urea and 10 mM
ethylenediaminetetraacetic acid (EDTA). Buffer containing 0.1, 0.21 and 0.43 M NaCl
was used for the samples containing 0.5, 1 and 2% NaCl, respectively. Reactive SH
content was assayed by preparing samples using buffers without urea. Then, total and
reactive SH contents were measured using Ellman’s reagent (0.1% DTNB, 5, 5’-
dinitrobis [2-nitrobenzoic acid] in 50 mM NaH>PO4 buffer, pH 7.0) based on the
method detailed by J. Yongsawatdigul and Park (2003). The results were expressed as
mol/10° g protein.
4.3.7 Surface hydrophobicity determination
To determine surface hydrophobicity, protein samples were diluted with
buffers (20 mM sodium phosphate containing 0.1, 0.21 or 0.43 M NaCl, pH 7.0) to
obtain different concentrations of protein (0.1, 0.15, 0.2, 0.25, and 0.3 mg/ml). Buffer
containing 0.1, 0.21 and 0.43 M NaCl was used for the 0.5, 1 and 2% NaCl samples,
respectively. Surface hydrophobicity was then measured using ANS according to the
method described by J. Yongsawatdigul and Park (2003). The initial slope of the plot
of relative fluorescence (Monahan, German, & Kinsella, 1995) versus percentage of
protein concentration (%, w/v) was referred to as surface hydrophobicity (So-ANS),
which was calculated by linear regression analysis.
4.3.8 Surimi gel preparation and gel measurements
Surimi paste was stuffed into a polyvinylidine chloride casing (3 cm in

diameter) and then heated at 90 °C for 30 min in a water bath. After heating, the samples
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were immediately submerged in ice water for 20 min and then stored in a refrigerator
(4 °C) overnight. Surimi gels were equilibrated at room temperature for 2 h before
texture evaluation and color measurement. A texture analyzer (TA. XT plus Stable
Micro Systems, Surrey, UK) was used to evaluate the textural properties of the surimi
gels. Samples were cut into 3 cm long pieces. Breaking force (g) and distance (mm)
were determined using a 5-mm diameter spherical plunger probe at a test speed of 1
mm/s (J. Yongsawatdigul & Piyadhammaviboon, 2004). Five measurements were
carried out for each sample. Color values (L", @" and ") of the samples were determined
by a colorimeter (ColorQuest XE, HunterLab, Reston, VA, USA). Whiteness was then
calculated using the equation L*-35" (Park, 1994), where L" is the lightness, and b" is
the yellowness/blueness.
4.3.9 Trichloroacetic acid (TCA)-soluble oligopeptide

TCA-soluble oligopeptide contents of surimi gels were determined
according to the method of Jirawat Yongsawatdigul and Piyadhammaviboon (2005)
with slight modifications. Three grams of sample was added to 27 ml of 5% cold TCA
solution. The mixture was homogenized using a homogenizer (T25 digital ULTRA-
TURRAX) and then centrifuged at 8, 000xg (Sorvall ST 16R) for 15 min at 4 °C. The
supernatant was collected for measurement of TCA-soluble oligopeptide content by the
Lowry method (Lowry, Rosebrough, Farr, & Randall, 1951) with tyrosine as a standard.
The results were expressed as pmol tyrosine/g sample.

4.3.10 SDS-PAGE

SDS-PAGE was conducted to analyze the protein patterns of surimi gels

according to the protocol of Laemmli (1970). Sample solubilization was carried out

according to the method detailed by J. Yongsawatdigul and Piyadhammaviboon (2004)



83

with slight modifications. One gram of surimi gel was added to 10 ml of hot 10% SDS
solution and then homogenized using a homogenizer (T25 digital ULTRA-TURRAX).
The homogenates were heated at 90 °C for 1 h and subsequently centrifuged at
10,000xg (Sorvall ST 16R) for 10 min at room temperature. The supernatants were
collected and diluted 1:1 (v/v) in treatment buffer (0.125 M Tris—HCI, 4% SDS, and 20%
glycerol, pH 6.8). Then, the mixtures were heated at 95 °C for 5 min and cooled down
prior to gel running. A polyacrylamide gel comprising of 10% running gel and 4%
stacking gel was used. Protein (20 pg) was loaded onto the gel. Gel electrophoresis was
conducted at a constant voltage of 100 V. Gels were stained with 0.125% Coomassie
Brilliant Blue R-250 for 30 min and destained with a solution containing 25% methanol
and 10% acetic acid. Gels were imaged by a UVITEC imaging system (Fire reader V4,
Uvitec Ltd., Cambridge, UK).
4.3.11 Fourier transform infrared (FT-IR) spectroscopy

Secondary structures of surimi proteins were analyzed using a FT-IR
spectrometer (Bruker Tensor 27, Karlsruhe, Germany) equipped with an attenuated total
reflectance (ATR) platinum accessory. After lyophilization, the surimi gels were
scanned for 64 times in the range of 500 to 4000 cm™ at a resolution of 4 cm™. The
spectra were collected at room temperature. Background interference was removed
before recording spectra, which were then analyzed using the OPUS software version
7.5 (Bruker Optics GmbH, Ettlingen, Germany). Thirty measurements from triplicate
samples were collected to obtain an average spectrum. The average spectrum was
normalized, adjusted by baseline correction, and then curve-fitted in the 1600-1700 cm
! region by appropriate Gaussian and Lorentzian functions using the OPUS software
version 7.5 (Bruker Optics GmbH). The relative percentage of each secondary structure

was calculated.
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4.3.12 Scanning electron microscopy (SEM)

The microstructures of the surimi gels with and without HIU treatments
were observed using a field emission scanning electron microscope (ZEISS Gemini,
Carl Zeiss, Germany). Surimi gels were cut into 2-3 mm thick pieces and lyophilized.
Dried samples were mounted on a bronze stub using carbon tape and then sputter-coated
with gold. The specimens were observed at an accelerating voltage of 3 kV and a
magnification of 200.

4.3.13 Statistical analysis

All the experiments were carried out in three replicates and the values
were expressed as the mean + SD. The SPSS version 23.0 software (SPSS Inc., Chicago,
IL, USA) was used for statistical analysis. Analysis of variance (ANOVA) was used to
analyze the data and the mean comparisons were conducted using Duncan’s multiple-
range test (DMRT). Significant level was p < 0.05. All the calculations and figures were

performed with OriginPro 2018 (OriginLab Corporation, Northampton, MA, USA).

4.4 Results and discussion

4.4.1 Protein extractability
The extractable protein content of the 0.5% NaCl surimi paste was
continuously increased concomitant to an increase in ultrasonic intensity (10.01-16.45
W/cm?) compared to the control without ultrasound (p < 0.05, Figure 4.1). Myofibrillar
proteins are salt-soluble proteins which require a NaCl concentration higher than 0.3 M
to achieve a good solubilization. Thus, a limited protein solubility at low NaCl content

(0.5% NaCl) was shown without HIU treatment (Figure 4.1). Myofibrils can be
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disrupted by the physical forces (high shear energy and turbulence) produced during
sonication, improving protein extraction. Moreover, hydrogen bonds and hydrophobic
interactions may also be disrupted by ultrasound (Maity, Rasale, & Das, 2012), which
are responsible for intermolecular association of natural myosin aggregates, and thus,
more protein could be solubilized. In addition, the spatial conformational changes of
the myofibrillar proteins, which resulted from the physical forces induced by cavitation,
were also reported to lead to an increase in protein extraction (Zou et al., 2018). Higher
ultrasonic intensity was associated with higher protein extractability (Figure 4.1)
probably due to greater ultrasonic energy produced. Protein solubility of silver carp
myosin (Liu et al., 2017) and chicken myofibrillar protein (Zhang et al., 2017) were
also increased with applied HIU intensity.

At 1 and 2% NacCl, the extractable protein content was gradually increased
concomitant to an increase in ultrasonic intensity from 10.01 to 13.28 W/cm? (p < 0.05,
Figure 4.1), while a decrease in the protein extraction was observed at higher ultrasonic
intensity (16.45 W/cm?). Myofibrillar proteins were expected to unfold to a greater
extent at higher NaCl contents (1 and 2% NaCl), exposing additional hydrophobic
groups. This exposure may induce the formation of macromolecular aggregates through
hydrophobic interactions, resulting in lower protein solubility. Wang et al. (2017)
reported that protein solubility of the chicken myofibrillar proteins was increased after
ultrasound treatment for 3 and 6 min (p < 0.05), while a prolonged treatment time (9-
15 min) decreased the solubility. It should be noted that extractable protein content of
0.5% NaCl sample was increased by 126% after HIU treatments, while an increase of
only 35 and 10% was observed at 1 and 2% NaCl, respectively (Figure 4.1). Our results

indicated that HIU can extract more soluble myofibrillar proteins at lower NaCl (0.5%



86

NaCl); however, a higher ultrasonic intensity of 16.45 W/cm? decreased protein

extractability at higher NaCl contents (1 and 2%).
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Figure 4.1 Effects of HIU treatments on protein extractability of threadfin bream surimi
at various NaCl contents. Different superscripts in the case of the same NaCl

content indicate significant differences (p < 0.05).

4.4.2 Remaining Ca’**-ATPase activity

The remaining Ca?’-ATPase activity of the surimi pastes with 0.5, 1 and
2% NaCl was decreased concomitant to an increase in ultrasonic intensity (p < 0.05,
Figure 4.2). The reduction in remaining Ca*-ATPase activity indicated that HIU
induced conformational changes of myosin globular head where the active site for Ca*'-
ATPase is located. Higher ultrasonic intensity had more pronounced effect on
disturbance of the myosin conformation. The main cause of Ca’"-ATPase activity
reduction could be the physical effects (e.g., high pressure and turbulence) resulted
from cavitation phenomenon. The conformational changes of myosin might also induce

rearrangement of myosin molecules through protein—protein interactions (Benjakul &
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Bauer, 2000), contributing to the decline of Ca?"-ATPase activity. Ca**-ATPase activity
of silver carp myosin was notably decreased concomitant to an increase in ultrasonic
intensity ranging from 22.81-55.50 W/cm? (Liu et al., 2017). The remaining Ca?'-
ATPase activity at 0.5% NaCl was the highest, while that of a sample containing 2%
NaCl was the lowest at all the ultrasonic intensities (Figure 4.2). After subjected to
ultrasonic intensity of 16.45 W/cm?, the remaining Ca>"-ATPase activity at 0.5, 1 and
2%NaCl was 89, 81and 72%, respectively (Figure 4.2), suggesting that the protein at
higher NaCl was more susceptible to ultrasonic energy. Higher NaCl levels resulted in
a higher extent of protein unfolding to expose additional active sites; thus, the proteins
can be easily influenced by cavitation. This phenomenon also revealed that HIU might
induce severe destruction of myosin globular head in surimi samples containing higher
NaCl contents, which may cause negative effect on surimi gelation. Changes in
remaining Ca**-ATPase activity in surimi pastes are consistent with our previous study
in tilapia actomyosin, which also showed that the residual Ca**-ATPase activity in 0.2
M NaCl was higher than that in 0.6 M NaCl after HIU treatments (Tang &

Yongsawatdigul, 2020).
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Figure 4.2 Remaining Ca?*-ATPase activity of threadfin bream surimi at various NaCl
contents after sonication with various intensities. Different superscripts in
the case of the same NaCl content indicate significant differences (p <0.05).
Ca?*-ATPase activity without HIU treatments at each NaCl content was

considered to be 100%.

4.4.3 Total and reactive sulfthydryl group contents

Total sulthydryl group (SH) content at all studied NaCl levels was
slightly decreased concomitant to an increase in ultrasonic intensity from 0 to 16.45
W/em? (p < 0.05, Figure 4.3), suggesting that HIU may induce oxidation of SH groups
and that higher ultrasonic intensity had a more pronounced effect. A number of reactive
radicals (‘H and -OH) could be produced from water molecules and subsequently
recombine to form hydrogen peroxide (H2O2) (Hu et al., 2013; Milne, Stewart, &
Bremner, 2013; Riesz & Kondo, 1992). H>O> can rapidly degrade to oxygen and water,
providing possibility to oxidize some SH groups to disulfide bonds. Liu et al. (2017)
reported a reduction of total SH content in silver carp myosin when ultrasonic intensity

increased from 22.81-55.50 W/cm?. Moreover, the total SH content of chicken
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myofibrillar proteins also decreased concomitant to an increase in ultrasonic intensity
(Zhang et al., 2017; Zou et al., 2018).

In contrast, reactive SH content at 3 studied NaCl levels was continuously
increased concomitant to an increase in ultrasonic intensity (Figure 4.3), suggesting that
additional buried SH groups were exposed on the protein surface after HIU treatments.
High pressure and shear force generated by cavitation induce a more pronounced
protein unfolding, exposing additional SH groups. Zhang et al. (2017) reported that
reactive SH content of the chicken myofibrillar protein was increased from 3.67 to 7.33
mol/10* g protein when ultrasonic intensity of 193 W/cm? was applied. In addition, an
increase in the reactive SH content induced by HIU was 21, 26 and 27% in the samples
containing 0.5, 1 and 2% NacCl, respectively. The results suggested that HIU induced
protein unfolding at higher NaCl (1 and 2% NaCl) to a greater extent than that observed

at lower NaCl (0.5% NacCl).
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Figure 4.3 Effects of HIU treatments on the total and reactive SH contents of threadfin

bream surimi containing 0.5 (A), 1 (B) and 2% (C) NaCl. Different

lowercase and uppercase letters indicate significant differences in the total

and reactive SH content (p < 0.05), respectively.

4.4.4 Surface hydrophobicity

An increase in the So-ANS values of the samples with 3 tested NaCl

levels indicated that hydrophobic groups of the surimi paste were exposed after HIU

treatments (p < 0.05, Figure 4.4). Moreover, at the 3 studied NaCl levels, the So-ANS

values continuously increased concomitant to an increase in ultrasonic intensity
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compared with the control (p < 0.05, Figure 4.4), illustrating that higher ultrasonic

intensity induced more exposure of buried hydrophobic groups. As mentioned
previously, high pressure and shear force generated during sonication might be the main
probable cause of the conformational changes of the protein and dissociation of myosin
aggregates, which induced exposure of the hydrophobic groups, resulting in an
increased So-ANS value. Liu et al. (2017) reported that So-ANS of silver carp myosin
significantly increased with inreasing ultrasonic intensity up to 55.50 W/cm?. An
increase in So-ANS induced by HIU treatments has also been found in previous studies
on chicken myofibrillar proteins (Wang et al., 2017; Zhang et al., 2017).

Surimi paste with higher NaCl content showed higher So-ANS values regardless
of HIU treatments, indicating a higher extent of unfolding was induced at high NaCl
content (Figure 4.4). Moreover, the effect of HIU on protein unfolding was less
pronounced at 0.5% NaCl; at this NaCl level, myosin mainly exists as the aggregate
forms thus limiting the exposure of the hydrophobic groups. Thus, higher HIU energy
is required for protein unfolding. An increase in So-ANS induced by HIU was up to 56,
61 and 63% at 0.5, 1 and 2% NaCl, respectively, after HIU treatment at 16.45 W/cm?
(Figure 4.4). This was in accordance with the results of remaining Ca?*-ATPase activity
(Figure 4.2) and reactive SH content (Figure 4.3), which further verified that a greater
extent of protein unfolding at higher NaCl (1 and 2% NaCl) was induced by HIU. In
addition, unfolded proteins can participate in hydrophobic interactions to form large
aggregates, which are precipitated after centrifugation. This may explain why at higher
NaCl content (1 and 2% NaCl), a decrease in protein extractability (Figure 4.1) was

observed in samples exposed to a higher ultrasonic intensity of 16.45 W/cm?.
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Figure 4.4 Effects of HIU treatments on surface hydrophobicity of threadfin bream
surimi with various NaCl contents. Different superscripts in the case of the

same NaCl content indicate significant differences (p < 0.05).

4.4.5 'Textural properties

Without HIU treatments, surimi gel at 0.5% NaCl showed the lowest
values of breaking force and distance, whereas the highest values were observed in
surimi gel containing 2% NaCl (Figure 4.5). Gel formation of the food proteins involves
partial denaturation followed by irreversible aggregation (Lanier et al., 2005).
Solubilization of the myofibrillar proteins was lower at 0.5% NaCl (Figure 4.1),
resulting in limited protein solubilization and aggregation. Higher NaCl contents (1 and
2% NaCl) yield higher levels of extractable proteins, particularly myofibrillar proteins
(Figure 4.1), and a higher degree of protein unfolding (Figure 4.4). These factors enable
aggregation and formation of a proper gel network. It was reported that both breaking
force and distance of the Alaska pollock surimi gel at 0.3% NaCl were lower than those
at 3% NaCl (Cando, Herranz, Borderias, & Moreno, 2015, 2016). Both values of

breaking force and distance of the surimi gels at 0.5% NaCl were continuously
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increased concomitant to an increase in ultrasonic intensity (p < 0.05, Figure 4.5). Our
study indicated that HIU treatments improved the gelation of surimi at reduced NaCl
content (0.5% NaCl) probably due to an increase in protein extractability (Figure 4.1)
and in protein unfolding (Figure 4.4). An increase in the concentration of the soluble
myofibrillar proteins should be beneficial to the heat-induced surimi gelation. In
addition, higher extent of protein unfolding should expose additional interior groups
(e.g., hydrophobic groups), which are expected to facilitate intermolecular
covalent/noncovalent interactions thus promoting the development of a better gel
network.

In contrast, HIU treatment resulted in inferior textural properties of the surimi
gels at 1 and 2% NaCl (Figure 4.5) despite higher protein extractability (Figure 4.1).
Gelation of surimi under HIU treatments does not depend only on the salt-soluble
proteins. Excessive unfolding of the myofibrillar proteins at 1 and 2% NaCl, compared
with unfolding observed at 0.5% NaCl, was likely to occur after HIU treatments as
indicated by a dramatic decrease in the Ca’"-ATPase activity (Figure 4.2) and a higher
increase in the So-ANS values (Figure 4.4). Conformation of myosin at 1 and 2% NaCl
was expected to be severely disturbed by HIU, which should eventually yield an inferior
gel network. Zhang et al. (2017) reported that chicken myofibrillar protein at 0.6 M
KCI was severely denatured after higher intensity HIU treatments (173 and 193 W/cm?
for 15 min) resulting in a loose microstructure and lower water-holding capacity of
protein gel. Therefore, it can be speculated that gelation of HIU-treated surimi is related
to the quantity of the salt-extractable proteins and to the conformation of the soluble
myofibrillar proteins. Severe conformational changes of the proteins observed in surimi

containing 1 and 2% NaCl subjected to HIU may hamper protein interactions thus
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causing inappropriate protein aggregation and a poor gel network.
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Figure 4.5 Effects of HIU treatments on textural properties of the threadfin bream
surimi gels at various NaCl contents. Different superscripts in the case of

the same NaCl content indicate significant differences (p < 0.05).

4.4.6 Color

Whiteness is likely to be related to protein aggregation and to the gel
network (Cando et al., 2015; Tadpitchayangkoon, Park, & Yongsawatdigul, 2012).

Without HIU treatments, surimi gel at 0.5% NaCl was characterized by the lowest
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whiteness and lightness (Figure 4.6A and B). Higher NaCl content resulted in higher
levels of the solubilized protein leading to a higher order gel network which reflected
more light thus resulting in higher whiteness. Cando et al. (2015) reported that lightness
value (L") of the Alaska pollock surimi gel at 0.3% NaCl was lower than that of the gel
at 3% NaCl. Whiteness and lightness of the surimi gels at 0.5% NaCl were continuously
increased concomitant to an increase in ultrasonic intensity compared with that in the
control (p < 0.05, Figure 4.6A and B). This increase implied that HIU-treated surimi
gels at 0.5% NaCl may have a higher level of protein aggregation and a uniform gel
network probably due to an increase in the extractable proteins (Figure 4.1) and a higher
degree of protein unfolding induced by HIU (Figure 4.4). However, higher intensity of
HIU treatments reduced whiteness of the surimi gels at 1 and 2% NaCl (p < 0.05, Figure
4.6A). Since an excessive unfolding of surimi at higher NaCl contents (1 and 2% NaCl)
occurred under higher intensity (Figure 4.4), the rate of protein aggregation may be
substantially faster than the rate of unfolding resulting in a coarser and irregular gel
network. These events can lead to lower luminosity of the surimi gels (p < 0.05, Figure
4.6B). It should be noted that changes in whiteness and lightness were consistent with

the changes in the textural properties (Figure 4.5).
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Figure 4.6 Effects of HIU treatments on whiteness (A) and lightness (B) of the
threadfin bream surimi gels at various NaCl contents. Different

superscripts in the case of the same NaCl content indicate significant

differences (p < 0.05).

4.4.7 Proteolysis
The TCA-soluble oligopeptide content indicates the extent of proteolytic
degradation resulted from endogenous proteinases (Tadpitchayangkoon et al., 2012).
Generally, the TCA-soluble oligopeptide content of the surimi gels was slightly

increased concomitant to an increase in ultrasonic intensity at all the studied NaCl
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contents (p < 0.05), while the effect of NaCl content was subtle (p > 0.05, Figure 4.7).
The results suggested that proteolysis of the surimi gels may be promoted by HIU to an
extent. It was found that serine proteinases were responsible for proteolysis of threadfin
bream (Nemipterus spp.) (Kinoshita, Toyohara, & Shimizu, 1990). Cavitation effects
induced protein unfolding (Figure 4.4) leading to higher exposure of the catalytic sites
to proteolysis. Moreover, proteolysis can alter enzyme conformation in such a way that
the catalytic activity is promoted. Uluko et al. (2013) reported that ultrasonic
pretreatment (800 W, 1-8 min) led to a higher degree of hydrolysis of a milk protein
concentrate probably due to an increase in the catalytic efficiency of trypsin and
Alcalase as a result of dissociation of the protein aggregates and conformational
changes of the enzymes induced by ultrasound. Ultrasound (20 kHz, 20-40% amplitude)
treatments increased the susceptibility of P-lactoglobulin to pepsin and trypsin
proteolysis (Ma, Wang, & Guo, 2018). It should be mentioned that the TCA-soluble
oligopeptide contents were relatively low. Endogenous proteolytic activity varies with
the fish species. Threadfin bream surimi has substantially lower proteolytic activity
compared with that of lizardfish surimi, which is considered as a high proteolytic surimi.
Tadpitchayangkoon et al. (2012) reported that the levels of the TCA-soluble
oligopeptides of a threadfin beam gel were 1.08 nmol/mg protein, which was
approximately 33% of that of a lizardfish gel (3.35 nmol/mg protein).

HIU-treated surimi gels did not show any noticeable changes in the intensity of
MHC at 3 studied NaCl contents (Figure 4.8). The results were in agreement with the
changes in the TCA-soluble oligopeptide content (Figure 4.7). Saleem and Ahmad
(2016) reported that chicken actomyosin remained intact after ultrasound treatment at

120 W for up to 30 min. In addition, no significant changes were observed in the
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chicken myofibrillar proteins treated with ultrasound at 240 W for up to 15 min (Wang
et al., 2017). Based on the TCA-soluble oligopeptide content (Figure 4.7) and SDS-
PAGE analysis (Figure 4.8), HIU showed only a minimal effect on proteolysis of the
surimi gels, and the effect of HIU-induced proteolysis on a decrease in the gel texture

at 1 and 2% NacCl can be ruled out.
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Figure 4.7 Effects of HIU treatments on the TCA-soluble oligopeptide content of the

threadfin bream surimi gels at various NaCl contents. Different superscripts

in the case of the same NaCl content indicate significant differences (p <

0.05).
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Figure 4.8 SDS-PAGE patterns of the threadfin bream surimi gels subjected to HIU
treatments. M indicates protein markers. Numbers (0, 10.01, 13.28 and

16.45) refer to ultrasonic intensity (W/cm?).

4.4.8 Changes of protein secondary structures

Changes in protein secondary structures were examined by analyzing
the amide I region (1600-1700 cm™). Surimi gels with higher NaCl contents exhibited
lower a-helix levels but higher levels of B-sheet, B-turn and random coil regardless of
HIU treatments (p < 0.05, Figure 4.9), confirming that higher NaCl content can lead to
a greater protein unfolding. The B-sheet content of the Alaska pollock surimi gel at 3%
NaCl was higher than that at 0.3% NaCl (Cando et al., 2015, 2016). HIU treatments
resulted in a decline in the a-helix content in the surimi gels with all studied NaCl
contents concomitant with an increase in B-sheet, B-turn and random coil contents
compared with those determined in the control (p < 0.05, Figure 4.9). Moreover, higher
ultrasonic intensity showed a more pronounced effect. These findings suggested that

the protein underwent enhanced unfolding upon HIU treatments. A decrease by
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approximately 19% in the a-helix levels was observed at 2% NaCl, while only
approximately 13% reduction was observed in the samples containing 0.5 NacCl,
suggesting a higher protein unfolding was induced by HIU at higher NaCl content.
Jiang et al. (2014) reported that a reduction in a-helix content and an increase in 3-sheet
content of black bean protein isolate were observed after ultrasonic treatments (150-
450 W, 12 and 24 min). Similarly, the a-helix content of the beef protein was decreased
after sonication with intensity ranging from 2.39 to 20.96 W/cm? for 30-120 min (Kang
etal., 2016). However, an increase in the B-sheet content was similar in all studied NaCl
contents. In addition, an 18% increase in the random coil levels was observed in 0.5%
NaCl sample after HIU treatment, while higher NaCl contents resulted in a greater
increase in the random coil structure by 21-25%. This result indicated that HIU caused
an excessive protein unfolding at higher NaCl contents, which can be partly accountable
for the inferior gel textures observed at 1 and 2% NaCl (Figure 4.5). Changes in
secondary structures were consistent with the changes in the reactive SH contents
(Figure 4.3) and So-ANS values (Figure 4.4). These results confirmed that HIU
treatments induced unfolding of the myofibrillar proteins to a higher extent and a more

obvious effect was observed at higher NaCl content.
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Figure 4.9 Effects of HIU treatments on the protein secondary structures of the

threadfin bream surimi gels with various contents of 0.5 (A), 1 (B) and 2%

(C) NacCl.
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4.4.9 Microstructure of surimi gels

Without HIU, surimi gel at 0.5% NaCl had a coarse microstructure with
larger and irregular pores (Figure 4.10). The gel network became denser and the pores
were more uniform concomitant to an increase in the NaCl content to 1 and 2%. Finer
gel structures with smaller pores were observed in the 0.5% NaCl samples subjected to
the HIU treatment (Figure 4.10). The change was in agreement with the textural
properties (Figure 4.5) and color (Figure 4.6). The change can be attributed to the
exposure of the hydrophobic groups (Figure 4.4) induced by HIU as mentioned
previously, which facilitates the hydrophobic interactions between the molecules thus
promoting the gel network development. However, HIU induced a gel network of
higher heterogeneity with larger pores at 1 and 2% NaCl corresponding to the inferior
surimi gels induced by HIU (Figure 4.5). A higher extent of protein unfolding after HIU

(Figures 4.2, 4.4 and 4.9) may partly contribute to the inferior gel networks.

- 0.5% NCI i . 1% NaCl 2% NaCl

Control

Figure 4.10 Effects of HIU treatment (ultrasonic intensity of 16.45 W/cm?, 30 min) on
the microstructure of the threadfin bream surimi gels at various NaCl

contents (magnification: 200x). Scale bar = 100 um.
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45 Conclusions

Gel properties of surimi at 0.5% NaCl were improved after HIU treatments due
to enhanced protein extractability and a higher extent of protein unfolding induced by
HIU. An excessive unfolding occurred in HIU-treated surimi at 1 and 2% NaCl
resulting in inferior surimi gels. HIU-induced protein unfolding and conformational
changes were more pronounced at higher NaCl contents. HIU showed only a minimal
effect on proteolysis of the threadfin bream surimi gels at the 3 studied NaCl contents.
HIU technology could improve threadfin bream surimi gel at low NaCl content (0.5%
NaCl); however, HIU is detrimental to the gels containing 1 and 2% NaCl, and 2%

NaCl is the typical NaCl content in surimi-based seafood.
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CHAPTER V
HIU-ASSISTED GELATION OF THREADFIN BREAM
SURIMI SUBJECTED TO REDUCED NaCl CONTENT

UNDER VARIOUS ULTRASONIC EXPOSURE TIME

5.1 Abstract

Effect of ultrasonic exposure time (15, 30 and 45 min) of HIU-assisted gelation
of 0.5% NaCl threadfin bream (Nemipterus spp.) surimi at ultrasonic intensity of 13.28
W/cm? was investigated. Protein extractability and surface hydrophobicity increased
with increasing time up to 30 min, accompanied by a decrease in Ca>*-ATPase activity
(p < 0.05). HIU treatments increased storage modulus (G') of 0.5% NaCl surimi,
indicating gel network formation was improved by HIU, particularly at ultrasonic
exposure time of 30 min. Textural properties and whiteness of 0.5% NaCl surimi gel (p
< 0.05) was also optimal at ultrasonic exposure time of 30 min. HIU treatments showed
negative effect on 2% NaCl surimi gel probably due to the excessive protein unfolding
caused by ultrasound. HIU treatments did not obviously affect proteolysis of both
surimi pastes and gels based on trichloroacetic acid (TCA)-soluble oligopeptide content
and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
According to Fourier transform infrared (FT-IR) spectroscopy, an increase in ultrasonic
exposure time resulted in lower a-helix content but higher random coil content in both
surimi pastes and gels, suggesting that a longer ultrasonic exposure time induced greater

protein unfolding. The results demonstrated that ultrasonic exposure time of 30 min at
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ultrasonic intensity of 13.28 W/cm? optimally induced surimi gelation at 0.5% NaCl.
Keywords: ultrasound, reduced NaCl, threadfin bream surimi, gel, myofibrillar

proteins

5.2 Introduction

The amount of NaCl typically used for surimi gelation is 2-3%, which is
required to solubilize myofibrillar proteins (Lanier, Carvajal, & Yongsawatdigul, 2005).
The mechanical and functional properties of silver carp surimi gel reduced when
lowering NaCl content to 1% (Fu et al., 2012). Thereby, reduced or low sodium surimi-
based gel is typically suffered from inferior textural characteristics.

Nowadays, consumption of excessive sodium has become a public concern
since it increases risks of hypertension and cardiovascular diseases (Kloss, Meyer,
Graeve, & Vetter, 2015). The intake of sodium chloride in adults should be less than 5
g/day according to the World Health Organization (WHQO), which equivalents to 2 g/day
of sodium. Efforts have been attempted to reduce sodium content in surimi gels to fit
with the raising consumer awareness. Potassium chloride can be used to partially
replace of NaCl, but it causes negative sensory characteristics due to its bitterness and
metallic taste (Tahergorabi & Jaczynski, 2012). Sodium reduction has also been
reported by addition of different ingredients, such as whey protein concentrate (Uresti,
Téllez-Luis, Ramirez, & Vazquez, 2004), tetra-sodium pyrophosphate (Deysi Cando,
Herranz, Borderias, & Moreno, 2016) and lysine (D. Cando, Borderias, & H. M.
Moreno, 2016). Recently, much attention has been given towards the applications of
novel physical techniques. Fu et al. (2012) reported that 1% NaCl silver carp surimi gel

was improved after microwave heating because faster heating process of microwave
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inhibited autolysis and the intense heat provided by microwave expanded protein
aggregates which served as substrate for crosslinking reactions. High pressure
processing technique has been explored to improve Alaska pollock surimi gel at 0.3%
NaCl (Deysi Cando, Herranz, Borderias, & Moreno, 2015) and was reported to
strengthen the water retention of myosin gel in 0.3 M NaCl (Jiany1 Wang, Li, Zheng,
Zhang, & Guo, 2019), which were due to that high pressure induced protein unfolding
by decreasing protein volume and then promoted surimi gelation via protein-protein
interactions.

Ultrasound is a promising eco-friendly processing technique. Ultrasound
technology is based on the mechanical waves at a frequency that exceeds the hearing
limit of human (i.e., above 16 kHz), which can be divided into low intensity ultrasound
(100 kHz-1 MHz with intensity of 0.1-1 W/cm?) and high intensity ultrasound (HIU,
16-100 kHz with intensity of 10-1000 W/cm?) (Soria & Villamiel, 2010). HIU has been
proven to modify physicochemical and functional properties of myofibrillar proteins,
such as solubility (Liu, Liu, Xiong, Fu, & Chen, 2017; Zou et al., 2018), turbidity
(Zhang, Regenstein, Zhou, & Yang, 2017) and rheological properties (Amiri, Sharifian,
& Soltanizadeh, 2018; Jingyu Wang, Yang, Tang, Ni, & Zhou, 2017). This is due to
cavitation effect that generates strong micro-streaming and highly reactive -OH during
sonication (Soria et al., 2010). Moreover, it has also been reported to induce the
unfolding of myofibrillar proteins, leading to exposure of interior hydrophobic and
sulthydryl groups (Liu et al., 2017; Zhang et al., 2017). In addition, the previous work
in Chapter III found that actomyosin could be efficiently extracted in low NaCl
concentrations by HIU. Hence, HIU technology provides the possibility for developing

low/reduced-salt muscle foods with desirable gel properties.
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Based on the foregoing information, it could be inferred that HIU technology
would be worth exploring to develop low/reduced-salt surimi gel, which might be the
onset of breakthrough of sodium reduction in not only surimi-based products, but also
the other muscle foods. Based on the work of chapter IV, HIU treatments at different
ultrasonic intensities (10.01, 13.28 and 16.45 W/cm?, 30 min) improved surimi gel at
0.5% NaCl. Nevertheless, myofibrillar proteins underwent severe conformational
changes under the higher intensity of 16.45 W/cm? (Figure 4.2). Therefore, this study
aimed to look for a milder but effective condition by exploring the effect of various
ultrasonic time on gelation of 0.5% NaCl threadfin bream surimi under the medium
intensity of 13.28 W/cm?. In-depth understanding of an optimal ultrasonic condition
applied to low/reduced-salt surimi would be essential in development of reduced

sodium surimi seafoods.

5.3 Materials and methods

5.3.1 Materials
Threadfin bream surimi (grade AA) was supplied by a surimi plant at
Samutsakorn, Thailand. The surimi sample contained no egg white protein. Frozen
surimi blocks of 20 kg were packed in a polystyrene foam box, filled with ice bags, and
transported to a laboratory at Suranaree University of Technology immediately. Frozen
surimi was cut into 500-g blocks and vacuum-packed upon arrival, and then stored in a
freezer (-40 °C) during this study. All chemicals used in this study were of analytical

grade.
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5.3.2 Preparation of surimi pastes
Frozen surimi was partially thawed in a refrigerator (4 °C) overnight
before being chopped for 6 min in a Stephan vacuum silent cutter (UM 5 universal,
Stephan Machinery Co., Columbus, OH, USA). Sodium chloride was added at 0.5 and
2% (w/w) of the total weight of surimi paste, respectively. Ice was added to adjust the
moisture content of 0.5 and 2% NaCl samples to 81.5 and 80% (w/w), respectively. All
samples contained the same amount of surimi. A chiller (RTE-101, NesLab, Newington,
NH, USA) was used to maintain sample temperature below 10 °C during chopping. The
surimi pastes prepared were vacuum-packed into a polyethylene bag to eliminate air
bubbles.
5.3.3 HIU treatments of surimi pastes with various ultrasonic exposure
time
An ultrasonic processor (Q500 sonicator, Qsonica L.L.C, Newtown, CT,
USA) was used for HIU treatments of surimi pastes at a frequency of 20 kHz. The
vacuum-packed surimi paste (540 g) was put into a container containing 1.2 L water,
which was immersed in an ice bath to keep the sample temperature around 4-8 °C during
sonication. A titanium probe (25-mm diameter) connected to a booster was placed at
the middle of the container with 2.5-3cm depth. Samples were subjected to an output
power of 130 W (amplitude of 85%) for various ultrasonic exposure time of 15, 30 and
45 min. A pulse mode of on-time for 5 s and off-time for 5 s was applied. Subsequently,
the surimi pastes were used for measurement of extractable protein content (as detailed
in 5.3.4), rheological measurements (as described in 5.3.7) and surimi gel preparation

(as described in 5.3.8). Samples without HIU treatments were employed as the control.
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In this study, amplitude of 85% with booster corresponded to ultrasonic
intensity of 13.28 W/cm?, which was measured using the method detailed by Jambrak,
Lelas, Mason, Kresi¢, and Badanjak (2009).

5.3.4 Determination of extractable protein content

Preparation of extractable protein of threadfin bream surimi paste with
0.5 and 2% NaCl was carried out according to the method of Endoo and
Yongsawatdigul (2014) with slight modifications. A 20 mM Tris-maleate buffer (pH
7.0) containing 0.1 and 0.43 M NaCl was used for the 0.5 and 2% NaCl sample,
respectively. The extractable protein content (mg/ml) was determined using the
Bradford method with bovine serum albumin (BSA) as a standard (Bradford, 1976).

5.3.5 Residual Ca**-ATPase activity

Ca?"-ATPase activity of the extractable protein was measured using the
method described by Endoo et al. (2014) with some modifications. Protein samples
were diluted to 4 mg/ml with the extraction buffer of 20 mM sodium phosphate buffer
containing 0.1 M or 0.43 M NaCl, pH 7.0 for mesurement of Ca?>"-ATPase activity of
0.5 and 2% NaCl sample, respectively. The results of Ca*"-ATPase activity were
expressed as pmol of Pi/mg protein/min at 25 °C. Residual Ca®*-ATPase activity (%)

of the extractable protein was calculated as follows:

Residual Ca?*-ATPase activity (%) = (Ax100) /Ao,

where A, and A is Ca?*-ATPase activity of sample without ultrasound treatment

and after ultrasound treatments, respectively.
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5.3.6 Surface hydrophobicity
Surface hydrophobicity of the extractable protein was measured using
ANS using the method of J. Yongsawatdigul and Park (2003) with slight modifications.
Protein sample was diluted with 20 mM sodium phosphate containing 0.1 M or 0.43 M
NaCl, pH 7.0 to obtain 5 different protein concentrations (0.1, 0.15, 0.2, 0.25, and 0.3
mg/ml). Buffer containing 0.1 and 0.43 M NaCl was used for the 0.5 and 2% NaCl
sample, respectively. Surface hydrophobicity (So-ANS) was calculated from the slope
of relative fluorescence (Monahan, German, & Kinsella, 1995) versus percentage of
protein concentration (%, w/v) by linear regression analysis.
5.3.7 Dynamic rheological measurements
Threadfin bream surimi pastes (with and without ultrasound treatments)
were subjected to a dynamic rheological measurement using a HAAKE MARS 40
rheometer (Thermo Scientific, Waltham, MA, USA). A parallel plate (40-mm diameter)
geometry was applied. Samples were put on the lower plate and the higher plate was
set with a gap of | mm. Then, sample table was covered with a thin film of cooking oil
to avoid moisture evaporation during measurement. Samples were heated from 10 to
90 °C at a heating rate of 1 °C/min at a fixed frequency of 1 Hz and shear stress of 10
Pa, which were found in the linear viscoelastic range. Storage modulus (G'), loss
modulus (G"), and tan (8) were measured. Three replicates were applied for each sample.
5.3.8 Surimi gel preparation and gel measurements
Threadfin bream surimi pastes were stuffed into polyvinylidine chloride
casing (3 cm-diameter) and both ends were sealed tightly prior to heating at 90 °C for
30 min. Subsequently, surimi gels were immediately chilled in ice water for 20 min and

stored overnight in a refrigerator (4 °C). Surimi gels were equilibrated at room
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temperature for 2 h prior to gel measurements. Surimi gels were cut into 30-mm long
specimens for evaluation of textural properties using a Texture analyzer (TA. XT plus
Stable Micro Systems, Surrey, UK) equipped with a 5-mm diameter spherical plunger
probe. Breaking force (g) and distance (mm) were recorded using a test speed of 1 mm/s
(J. Yongsawatdigul & Piyadhammaviboon, 2004). A colorimeter (ColorQuest XE,
HunterLab, Reston, VA, USA) was used to measure color values (L", a” and b") of gel
samples. Whiteness of surimi gel was calculated using the equation L*-35" (Park, 1994).
Three replicates were applied, and five samples were measured for each replicate.
5.3.9 Trichloroacetic acid (TCA)-soluble oligopeptide

TCA-soluble oligopeptide contents of threadfin bream surimi pastes and
gels were measured according to the method of Jirawat Yongsawatdigul and
Piyadhammaviboon (2005). TCA-soluble oligopeptide content was determined using
Lowry method (Lowry, Rosebrough, Farr, & Randall, 1951) with tyrosine as a standard
and expressed as umol tyrosine/g sample.

5.3.10 SDS-PAGE

SDS-PAGE was conducted according to J. Yongsawatdigul et al. (2004),
with slight modifications. The surimi pastes and gels were chopped into small pieces
and 1 g of each sample was solubilized in 10 ml of hot 10% SDS solution. The samples
were homogenized using a homogenizer (T25 digital ULTRA-TURRAX, IKA Works,
Inc., Wilmington, NC, USA) prior to heating at 90 °C for 1 h. Afterwards, the
homogenates were centrifuged at 10,000xg (Sorvall ST 16R Centrifuge, Thermo
Scientific, Waltham, MA, USA) for 10 min at room temperature to collect the
supernatants. The protein content of the supernatants was measured by the Bradford

method (Bradford, 1976). Then, the protein samples were mixed with treatment buffer
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(0.125 M Tris—HCI, 4% SDS, and 20% glycerol, pH 6.8) in a ratio of 1:1 (v/v) prior to
heating at 95 °C for 5 min, and then stored at -18 °C until use. Gel electrophoresis was
performed by a polyacrylamide gel comprised of 4% (w/v) stacking gel and 10% (w/v)
separating gel. The amount of loaded protein was 20 ug. A constant voltage of 100 V
was applied. Gels were stained in 0.125% (w/v) Coomassie Brilliant Blue R-250 and
destained in a solution containing 25% (v/v) methanol and 10% (v/v) acetic acid. The
gels were viewed and photographed using a UVITEC imaging system (Fire reader V4,
Uvitec Ltd., Cambridge, UK).
5.3.11 FT-IR spectroscopy

Threadfin bream surimi pastes and gels were lyophilized. An attenuated
total reflectance (ATR) FT-IR spectrometer (Bruker Tensor 27, Karlsruhe, Germany)
was used. Samples were scanned for 64 times from 500 to 4000 cm™ with a resolution
of 4 cm™ to obtain spectra. Thirty measurements from triplicate samples were collected.
The spectra of each sample were averaged before normalization, and then adjusted by
baseline correction prior to curve-fitting in region of 1600 to 1700 cm™ by appropriate
Gaussian and Lorentzian functions. OPUS software version 7.5 (Bruker Optics GmbH,
Ettlingen, Germany) was used to analyze the spectra. The relative percentage of each
secondary structure was calculated.

5.3.12 Statistical analysis

All measurements were conducted in three independent triplicates. The
data were expressed as mean =+ standard deviation (SD). SPSS software version 23.0
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. A significant level of p
< 0.05 was used to compare differences among treatments by Duncan’s multiple-range

test (DMRT).
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5.4 Results and discussion

5.4.1 Extractable protein content

The extractable protein content at 0.5% NaCl gradually increased with
increasing ultrasonic exposure time up to 30 min (p < 0.05, Figure 5.1), while a longer
time of 45 min did not result in a further increase of protein content (p > 0.05). Without
ultrasound treatments, myofibrillar proteins showed much lower solubility at 0.5%
NaCl compared with that at 2% NaCl. Cavitation generates high shear force and
turbulence, which are expected to disrupt intermolecular forces between proteins, such
as hydrogen bonds (Maity, Rasale, & Das, 2012). The physical forces also induced
conformational changes of myofibrillar proteins (Zou et al., 2018). Both events could
lead to greater protein solubilization, improving the extractable protein content.
Furthermore, it was reported that ultrasound energy resulted in exposure of more
charged groups of proteins (Jambrak, Mason, Lelas, Herceg, & Herceg, 2008), which
improved protein-water interactions, leading to higher protein solubility. Besides, C.-
H. Tang, Wang, Yang, and Li (2009) found that ultrasonic treatment induced formation
of soluble aggregates, leading to an increase of soluble protein content. Liu et al. (2017)
reported that protein solubility of silver carp myosin increased when ultrasonic
exposure time increased from 3 to 12 min. Similar results were also found in beef
myofibrillar proteins after subjected to ultrasonic time of 10, 20 and 30 min (Amiri et

al., 2018).
The protein extractability at 2% NaCl increased when ultrasound treatment was
applied for 30 min (p < 0.05, Figure 5.1), whereas a longer time (45 min) resulted in a
slight decrease in extractable protein content. A higher NaCl content (2% NaCl)

exposed more hydrophobic groups due to greater protein unfolding, which was likely
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to induce formation of aggregates with larger molecular weight, resulting in a decrease
in protein extractability. Moreover, Jingyu Wang et al. (2017) reported that a longer
ultrasonic exposure time of 9-15 min at power of 240 W also resulted in increased
protein solubility of chicken myofibrillar proteins. In addition, protein content of 0.5%
NaCl sample increased up to 108% after ultrasonic time for 30 min, while only 12%
increase was observed in the 2% NaCl sample (Figure 5.1). A higher NaCl content (2%
NaCl) led to more extraction of myofibrillar proteins, and the protein extraction at 2%
NaCl may reach the maximum after ultrasound treatments, resulting in a less increase
in protein content. Our results illustrated that more myofibrillar proteins at 0.5% NaCl
could be extracted after subjected to ultrasound treatments, and ultrasonic exposure
time of 30 min showed the highest extraction efficiency. It was also demonstrated that
108% increase of protein extractability at 0.5% NaCl was improved by ultrasound,

which was much greater than the 12% increase at 2% NaCl.
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Figure 5.1 Effects of various ultrasonic time on extractable protein content of threadfin
bream surimi pastes at 0.5 and 2% NaCl. Different superscripts in the same

NaCl content indicate significant differences (p < 0.05).
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5.4.2 Residual Ca**-ATPase activity

Residual Ca?*-ATPase activity of threadfin bream surimi pastes at both
NaCl contents decreased with increasing ultrasonic exposure time up to 30 min (p <
0.05), but no further decrease was observed at 45 min (p > 0.05, Figure 5.2). A decrease
in residual Ca’’-ATPase activity indicated that myosin globular head underwent
conformational changes when ultrasound energy was applied. This was mainly due to
the physical forces that were produced during sonication, such as high pressure and
high shear force. Saleem and Ahmad (2016) reported that Ca**-ATPase activity of
chicken actomyosin continuously decreased with increasing ultrasonic time ranging
from 5 to 30 min. In addition, the Ca’"-ATPase activity of silver carp myosin also
obviously declined when ultrasonic time increased up to 12 min at the power of 100-
250 W (Liu et al., 2017). It should be noted that the reduction of residual Ca**-ATPase
activity at 2% NaCl was 18% after 45-min exposure, while 11% reduction was observed
at 0.5% NaCl (Figure 5.2), implying that myofibrillar proteins at 2% NaCl underwent
to conformational changes to a greater extent. The greater decrement of Ca**-ATPase
activity was also observed after ultrasonic time for 30 min when chicken actomyosin

was suspended in Tris-maleate buffer containing higher ionic strength (Saleem, Hasnain,

& Ahmad, 2015).



120

1207 RJo.5%NaCl [ ]2% NaCl
b ab
g 1004 ] Tofoa s
& I | 2
:I;\gg()- AN
+ e’
~ b |
Sz
S 40
=
w
& 20
0
0 15 30 45

Ultrasonic time (min)

Figure 5.2 Effects of various ultrasonic time on residual Ca®*-ATPase activity of
threadfin bream surimi pastes at 0.5 and 2% NaCl. Different superscripts
in the same NaCl content indicate significant differences (p < 0.05). Ca**-
ATPase activity without ultrasound treatments at each NaCl content was

regarded as 100%.

5.4.3 Surface hydrophobicity
Hydrophobic residues of threadfin bream surimi pastes at 0.5 and 2%
NaCl were both exposed after subjected to ultrasound treatments, showing an increase

in So-ANS values (p<<0.05, Figure 5.3). So-ANS value increased when ultrasonic

exposure time of 15 and 30 min were applied (p < 0.05), while, no obvious increase
was observed as ultrasonic exposure time further increased (p > 0.05). The exposure of
hydrophobic groups suggested that ultrasound treatments induced protein unfolding to
a greater extent, in which ultrasonic exposure time of 30 min showed a prominent effect.
An increase in So-ANS induced by ultrasound energy has also been reported in chicken
myofibrillar proteins (Jingyu Wang et al., 2017; Zhang et al., 2017) and silver carp

myosin (Liu et al., 2017). In addition, our results were consistent with previous studies
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which reported that ultrasound treatments also induced exposure of hydrophobic groups
in soy protein isolate (Hu et al., 2013), egg white protein (Arzeni et al., 2012) and black
bean protein isolates (Jiang et al., 2014).

With and without ultrasound treatments, a higher So-ANS value was
observed at 2% NaCl (Figure 5.3), indicating that reduced NaCl induced less protein
unfolding. At low ionic strength, myosin filaments exist in bundle, exposing less
hydrophobic groups (41%). Moreover, So-ANS of 2% NaCl sample showed 53%
increase after subjected to ultrasonic time for 45 min, whereas only 41% increase was
observed in 0.5% NaCl sample (Figure 5.3), indicating that ultrasound treatments
induced less extent of protein unfolding at reduced NaCl (0.5% NaCl). Based on the
changes in residual Ca?*-ATPase activity (Figure 5.2) and So-ANS values (Figure 5.3),
ultrasound resulted in greater protein unfolding and conformational changes of

myofibrillar proteins.
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Figure 5.3 Effects of various ultrasonic time on surface hydrophobicity of threadfin
bream surimi pastes at 0.5 and 2% NaCl. Different superscripts in the same

NaCl content indicate significant differences (p < 0.05).
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5.4.4 Dynamic rheological properties of surimi pastes

Without ultrasound treatments, 0.5% NaCl surimi paste showed both
higher storage modulus (G') and loss modulus (G") values (Figure 5.4A and B). This
was due to limited myofibrillar protein solubilization at low ionic strength. Deysi Cando
et al. (2016) reported that G' and G" of Alaska pollock surimi at 0.3% NaCl were also
higher than those at 3% NacCl. In addition, G' value of myosin gel in 0.3 M NaCl was
significantly higher than that in 0.6 M NaCl (Jianyi Wang et al., 2019). More
myofibrillar proteins were solubilized after subjected to ultrasound treatments (Figure
5.1), resulting in decreased values of G' and G" at both 0.5 and 2% NaCl. The first
increase in G' started at 36-37 °C, which was due to the aggregation of partially
unfolded protein (Jirawat Yongsawatdigul et al., 2005). Ultrasound treatments resulted
in greater protein unfolding (Figure 5.3), leading to lower onset temperature and higher
G'p (the G' value that begins to decrease to the minimum) were noted in ultrasound-
treated 0.5% NaCl samples compared with control. This semi gel-like structure was
easily disrupted as the temperature increased to around 42 °C. The dissociation of
actomyosin complex and denaturation of myosin also occurred (Jirawat
Yongsawatdigul et al., 2005). Both led to increased fluidity, resulting in decreased G'
around 42 °C. A higher temperature of onset of G'min Was shown in 0.5% NaCl samples
after ultrasound treatments (Table 5.1), indicating stronger aggregation formed resulted
from greater protein unfolding induced by ultrasound. The increase of G'max (the G'
value at 90 °C) was attributed to formation of permanent myosin gel networks, and its
onset point indicated the temperature where surimi paste transformed from sol to gel
(Poowakanjana et al., 2012; Jirawat Yongsawatdigul et al., 2005). A decrease in onset

of G'max (°C) was noted with increasing ultrasonic time in 0.5% NaCl samples (Table
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5.1), suggesting that lower thermal energy was required for unfolding prior to
aggregation due to greater protein unfolding after ultrasound treatments. Normally
higher G', at the point where gelation is completed, determines a better gel network
formation with higher elasticity (Poowakanjana et al., 2012). At 90 °C, G'max value of
ultrasound-treated 0.5% NaCl samples was comparable to that of the control, and the
highest G'max was observed when applied to ultrasonic time of 30 min (Figure 5.4A and
Table 5.1), implying that gel network formation was improved by ultrasound,
particularly at 30 min.

However, different patterns of G' were observed in 2% NaCl samples. The 2%
NaCl samples reached G'p at around 30 °C and declined to the minimum at about 49 °C
before continuously reaching the maximum (Figure 5.4A). Protein at 2% NaCl was not
able to form a semi gel-like structure as protein was fully unfolded and partially
aggregated at high NaCl during paste preparation. Besides, the maximum G' decreased
when 2% NaCl samples were subjected to ultrasound treatments, especially those
treated at ultrasonic time of 30 and 45 min (Figure 5.4A and Table 5.1). Ultrasound
might result in an excessive protein unfolding at 2% NacCl, particularly at ultrasonic
time of 30 and 45 min (Figure 5.3), causing weaker gel network. Zhang et al. (2017)
also reported that ultrasound treatments with power of 200-1,000 W resulted in greater
denaturation of chicken myofibrillar proteins, leading to decreased values of both G'
and G". Based on G' and G", it suggested that ultrasound treatments improved gel
network formation at 0.5% NacCl, but it induced worse gel network at 2% NaCl.

In addition, the progress patterns of G" were similar to G' (Figure 5.4B). Tan ()
of all the samples increased in the range of 30-40 °C and then declined until the end of

heating (Figure 5.4C). The profiles of tan () in ultrasound-treated samples were higher
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than the control regardless of NaCl content. Higher values of tan (6) in ultrasound-

treated 2% NaCl surimi gels suggested that protein networks were not well stabilized

and organized, resulting in less elastic gels.
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Figure 5.4 Effects of various ultrasonic time on rheological properties of threadfin

bream surimi pastes at 0.5 and 2% NacCl.

Table 5.1 Typical parameters in G' profiles.

Salt Ultrasonic Onset of Onset of G'max (kPa)

content (%)  time (min) G'min (°C) G'max (°C)

0.5 0 41.97 £0.006% 52.85+0.0109 36.66 + 2.74
15 42.80 +0.004° 51.85+0.021" 50.98 + 6.34°
30 4294 +0.012" 51.04 +0.015° 59.97 + 6.36°
45 42.89 +0.007" 50.92+0.006° 59.15 +6.11°

2 0 30.79 + 0.005% 49.87 +£0.010¢ 70.14 + 7.88°f
15 30.89 +0.006° 49.47 +0.005° 67.74 + 6.76%
30 30.90 +0.011° 48.85+0.006° 63.28 + 6.12
45 31.89 +0.006° 48.48 +0.005* 63.05 + 6.15%

Onset of G'min represents the temperature at which G' value begins to decrease to the

minimum; Onset of G'max represents the temperature at which G' value begins to

increase to the maximum; G'max represents the G' value at 90 °C. All the values were

expressed as mean + SD of three replicates. Different superscripts in the same column

indicate significant differences (p < 0.05).
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5.4.5 Textural properties of surimi gels

The 0.5%-NaCl surimi gels showed lower breaking force and distance
compared with 2%-NaCl samples regardless of ultrasound treatments (Figure 5.5).
Without ultrasound treatments, a limited protein extractability was observed at 0.5%
NaCl sample (Figure 5.1). Solubility of myofibrillar proteins is thought to be a premise
element for formation of surimi gel. In addition, less extent of protein unfolding at 0.5%
NaCl was shown (Figure 5.3). For both reasons, poor gelation was observed in the
0.5%-NaCl sample. At 2% NaCl, higher myofibrillar proteins were extracted (Figure
5.1) and greater extent of exposure of hydrophobic residues, requiring for gel networks
(Figure 5.3). Fuetal. (2012) reported that the gel strength of silver carp surimi increased
when the salt level was increased. Lower values of breaking force and distance were
also observed in Alaska pollock surimi gel containing 0.3% NaCl than 3% NaCl (Deysi
Cando et al., 2015, 2016).

Breaking force and distance of 0.5%-NaCl sample gradually increased
at ultrasonic time of 15 to 30 min (p < 0.05, Figure 5.5), but no further increase was
observed when a longer exposure time of 45 min was applied (p > 0.05). An increase
in extractable protein (Figure 5.1) and the extent of protein unfolding (Figure 5.3)
induced by ultrasound would lead to more soluble myofibrillar proteins and stronger
protein-protein interactions, improving gel texture at 0.5% NaCl. Our results suggested
that ultrasound would positively contribute to surimi gel at reduced NaCl content (0.5%
NaCl), and ultrasonic time of 30 min was the optimal time. However, both breaking
force and distance of 2%-NaCl sample decreased at all the studied ultrasonic time
compared to the control, particularly at ultrasonic time of 30 and 45 min (p < 0.05,

Figure 5.5), indicating that ultrasound treatments caused inferior surimi gels at 2%
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NaCl especially the sample with a longer ultrasonic exposure time. The results of
textural properties were also consistent with the G'max (Figure 5.4A and Table 5.1),
which further confirmed that reduced NaCl (0.5% NaCl) surimi gel was improved under
ultrasound, but surimi gel at high NaCl (2% NaCl) showed inferior gel texture after
ultrasound treatments.

In addition, our results (Figures 5.1 and 5.5) revealed that textural
properties of surimi gels were not positively correlated with extractable protein content.
As mentioned previously, severe conformational changes (Figure 5.2) and excessive
protein unfolding (Figure 5.3) at 2% NaCl probably occurred after subjected to
ultrasound treatments. This suggested that myofibrillar proteins at 2% NaCl might
undergo severe denaturation under ultrasound, resulting in inferior gel texture. Chicken
myofibrillar proteins in high ionic strength were also severely denatured after
ultrasound treatment at 800 and 1,000 W for 15 min, causing inferior gel properties
(Zhang et al., 2017). Hence, it is inferred that surimi gelation under ultrasound might
be not solely depend on the extractable protein content, but also relate to conformational
structure of soluble myofibrillar proteins, in which the latter seemed to have a more

pronounced effect in 2%-NaCl sample.
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Figure 5.5 Effects of various ultrasonic time on textural properties of threadfin bream

surimi gels at 0.5 and 2% NaCl. Different superscripts in the same NaCl

content indicate significant differences (p < 0.05).

5.4.6 Whiteness of surimi gels

Without ultrasound treatments, 0.5%-NaCl surimi gel showed lower

whiteness values than 2%-NaCl (Figure 5.6). Low NaCl resulted in disorderly gel

networks due to extensive aggregation of less solubilized proteins, and thus, less light

would pass through, lowering whiteness. Alaska pollock surimi gel at 0.3% NaCl also

showed lower lightness value than 3% NaCl (Deysi Cando et al., 2015). Whiteness

values of 0.5% NaCl surimi gel increased after subjected to ultrasound treatments, and
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the highest increase appeared at ultrasonic time of 30 and 45 min (p <0.05, Figure 5.6).
An increase in salt soluble proteins (Figure 5.1) and greater extent of protein unfolding
(Figure 5.3) promoted by ultrasound at 0.5% NaCl improved more uniform gel
networks, making more light pass through. Nevertheless, an excessive unfolding of
myofibrillar proteins was likely to occur in ultrasound-treated 2% NaCl surimi,
particularly the sample with a longer exposure time (Figure 5.3), which might induce

disorder gel network by a much faster rate of protein aggregation, causing lower

whiteness of surimi gels (p < 0.05, Figure 5.6).
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Figure 5.6 Effects of various ultrasonic time on whiteness of threadfin bream surimi

gels at 0.5 and 2% NaCl. Different superscripts in the same NaCl content

indicate significant differences (p < 0.05).

5.4.7 TCA-soluble oligopeptide content
At either 0.5 or 2% NaCl, there were no significant differences in TCA-
soluble oligopeptide content among surimi paste samples with and without ultrasound
treatments (p > 0.05, Figure 5.7), suggesting that proteolysis did not severely occur

during sonication. Proteolysis was induced during heating, as, surimi gels at both NaCl
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contents showed higher TCA-soluble oligopeptide contents compared with their
respective paste samples (p < 0.05, Figure 5.7), implying that ultrasound induced
proteolysis during thermally-induced gelation. This would be likely due to exposure of
more catalytic sites for proteolysis, induced by ultrasound energy (Figure 5.3). Serine
proteinases, which could induce proteolytic degradation of threadfin bream
(Nemipterus spp.) (Kinoshita, Toyohara, & Shimizu, 1990), might also undergo
conformational changes, promoting catalytic activity. Ma, Wang, and Guo (2018)
reported that ultrasound treatments at amplitude of 20-40% increased the proteolysis of
pepsin and trypsin on 3-lactoglobulin. In addition, a larger extent of hydrolysis of milk
protein concentrate was also observed after ultrasound pretreatment at 800 W for 1-8

min (Uluko et al., 2013).
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Figure 5.7 Effects of various ultrasonic time on TCA-soluble oligopeptide content of
threadfin bream surimi pastes and gels containing 0.5 and 2% NacCl.
Different superscripts in each group indicate significant differences (p <

0.05).
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5.4.8 SDS-PAGE patterns

Compared to surimi paste, degradation of myosin heavy chain (MHC)
and actin was slightly observed in 0.5 and 2% NaCl surimi gel (Figure 5.8). No obvious
changes on MHC were observed in surimi pastes treated by ultrasound at both salt
contents (Figure 5.8), which were consistent with the results of TCA-soluble
oligopeptide content (Figure 5.7). It was also reported that chicken myofibrillar proteins
showed no protein degradation after ultrasound treatments at 120 W for 30 min (Saleem
et al., 2016) and 240 W for 15 min (Jingyu Wang et al., 2017), respectively. Similarly,
no evident changes in protein patterns were shown in 0.5 and 2% NaCl surimi gels after
ultrasound treatments for various ultrasonic time (Figure 5.8). In addition, only minor
changes of TCA-soluble oligopeptide contents were shown when compared to control
(Figure 5.7) since threadfin bream surimi shows much lower proteolytic activity
compared with other high proteolytic surimi (e.g., lizardfish) (Tadpitchayangkoon, Park,
& Yongsawatdigul, 2012). This could be the reason explaining no noticeable changes
in SDS-PAGE patterns (Figure 5.8). Therefore, results of TCA-soluble oligopeptide
content (Figure 5.7) and SDS-PAGE (Figure 5.8) suggested that ultrasound did not
increase proteolysis of surimi paste, and only a slight increase in proteolysis of surimi

gels was induced.
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5.4.9 Changes of secondary structures
With or without ultrasound treatments, surimi gels at both 0.5 and 2%
NaCl showed lower a-helix content but higher contents of B-sheet, B-turn and random
coil compared to their paste counterparts (Figure 5.9), indicating that heating led to

greater extent of protein unfolding during gelation. Both surimi pastes and gels at 2%
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NaCl showed lower a-helix but higher B-sheet, B-turn and random coil contents than
those at 0.5% NaCl (Figure 5.9), which further verified that 2% NaCl resulted in a
greater protein unfolding. A lower B-sheet content of Alaska pollock surimi gel was
also reported at 0.3% NaCl than 3% NaCl (Deysi Cando et al., 2015). After subjected
to ultrasound treatments for up to 30 min, a continuous decline of a-helix content was
shown in surimi pastes and gels at both studied NaCl contents, accompanied by an
increase in B-sheet, B-turn and random coil contents (p < 0.05), whereas, a longer
exposure time of 45 min did not result in a further change (p > 0.05, Figure 5.9). The
results suggested that myofibrillar proteins underwent unfolding to a greater extent after
ultrasound treatments, and ultrasonic time of 30 min showed the most pronounced
effect.

Moreover, the greater changes of protein secondary structures were evident in
2% NaCl samples than 0.5% NaCl samples. About 14% reduction in a-helix was shown
in 2% NaCl surimi paste after treated at ultrasonic time for 45 min, whereas, only 11%
decrease was observed in 0.5% NaCl surimi paste, which further illustrated that a
greater protein unfolding occurred in high NaCl (2% NacCl) sample, corresponding to
the changes of So-ANS value (Figure 5.3). Similarly, a greater reduction in a-helix
content (16%) was also observed in 2% NaCl surimi gel than 0.5% NaCl surimi gel
(11%) after ultrasound treatments. Kang et al. (2016) reported that a-helix content of
beef protein declined with increasing ultrasonic time from 30 to 120 min. In addition,
a-helix content of black bean protein isolate also decreased after subjected to ultrasonic
time for 12 and 24 min (Jiang et al., 2014). However, a much higher increment in
random coil content were also noted in ultrasound-treated 2% NaCl samples, displaying

15 and 18% increase in paste and gel, respectively. In contrast, the 0.5% NaCl surimi
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paste and gel after ultrasound treatments showed approximately 2 and 3% increase in

random coil content, respectively. The findings could be part of the reasons explaining

the inferior textural properties of 2%

(Figure 5.5).
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5.5 Conclusions

HIU showed different effects on threadfin bream surimi gels containing reduced
and high NaCl contents. HIU treatments with various ultrasonic time improved reduced
NaCl (0.5% NaCl) threadfin bream surimi gel with higher elasticity, and ultrasonic time
of 30 min was the optimal. This was due to HIU increased extractable protein content
and induced a greater protein unfolding at 0.5% NaCl. However, HIU showed
detrimental effect on threadfin bream surimi gel at 2% NaCl. HIU induced greater
protein unfolding and conformational changes at 2% NaCl than 0.5% NaCl. HIU did
not increase proteolysis of surimi paste, and only slight increase in proteolysis of surimi
gels was induced. This study suggested that low/reduced-salt threadfin bream surimi
gel could possibly be produced using HIU technology, and ultrasonic exposure time of

30 min optimally induced surimi gelation at 0.5% NaCl.
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CHAPTER VI

SUMMARY

Physicochemical changes of tilapia actomyosin exposed to HIU under low salt
concentrations were investigated. The protein solubility of actomyosin in low NaCl
concentration (0.2 M) was improved after HIU treatments. HIU showed more
pronounced effect on oxidation of SH groups than exposure of buried SH groups in 0.6
M NaCl. HIU also induced larger degree of protein unfolding and conformational
changes in 0.6 M NaCl than that in 0.2 M NaCl. Smaller aggregates of HIU-treated
actomyosin were observed at 40 and 60 °C, which was probably due to HIU reducing
the particle size and improving the size uniformity of actomyosin. HIU caused the
MHC:s to degrade in both NaCl concentrations, but disruption of actomyosin induced
by HIU appeared to be greater in 0.6 M NaCl. The results demonstrated that actomyosin
can be efficiently extracted in 0.2 M NaCl by HIU, suggesting the potential of HIU
technology in production of low/reduced-salt actomyosin gel.

Gelation behavior of threadfin bream surimi as a function of NaCl contents and
HIU intensities were elucidated. Gel properties of surimi at 0.5% NaCl were improved
after HIU treatments due to enhanced protein extractability and a higher extent of
protein unfolding induced by HIU. An excessive unfolding occurred in HIU-treated
surimi at 1 and 2% NaCl resulting in inferior surimi gels. HIU-induced protein
unfolding and conformational changes were more pronounced at higher NaCl contents.
HIU showed only a minimal effect on proteolysis of the threadfin bream surimi gels at

the 3 studied NaCl contents. HIU technology could improve threadfin bream surimi gel
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at reduced NaCl content (0.5% NaCl); however, HIU is detrimental to the surimi gels
containing 1 and 2% NaCl, and 2% NacCl is the typical NaCl content in surimi-based
seafood.

HIU-assisted gelation of threadfin bream surimi subjected to reduced NaCl
content under various ultrasonic exposure time were studied. HIU showed different
effects on threadfin bream surimi gels containing reduced and high NaCl contents. HIU
treatments with various ultrasonic time improved reduced NaCl (0.5% NaCl) threadfin
bream surimi gel with higher elasticity, and ultrasonic time of 30 min was the optimal.
This was due to HIU increased extractable protein content and induced a greater protein
unfolding at 0.5% NaCl. However, HIU showed detrimental effect on threadfin bream
surimi gel at 2% NaCl. HIU induced greater protein unfolding and conformational
changes at 2% NaCl than 0.5% NaCl. HIU did not increase proteolysis of surimi paste,
and only slight increase in proteolysis of surimi gels was induced. This study suggested
that low/reduced-salt threadfin bream surimi gel could possibly be produced using HIU
technology, and ultrasonic exposure time of 30 min optimally induced surimi gelation
at 0.5% NaCl.

Therefore, the outcome of this research would provide an effective way to
extract myofibrillar proteins in low NaCl concentrations using HIU technology.
Furthermore, understanding of gelation behavior of surimi under HIU would lay a
theoretical foundation for utilization of HIU technology in production of surimi-based
products at low/reduced salt levels. In addition, the outcome of the study would be
helpful in manufacturing healthier surimi seafood with reduced sodium content without

the use of chemicals and/or enzymes.
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