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1. Introduction

Aquatic products represent an important food source; they include products such
as fish, shrimp, shellfish, crab, and seaweed, and provide high-quality proteins, fatty
acids, minerals, and other nutritional elements. Generally, raw aquatic materials must
go through a production chain, including growth, harvesting, processing, storage, and
circulation—from the waters to the dining table. Among these stages, processing is one of
the most important. Through processing, product quality improvement, diversification,
and comprehensive economic benefits can be achieved. Like processing, storage is also an
important production stage. Extending the storage shelf life of aquatic products through
preservation techniques can reduce loss, and also increases the convenience of product
consumption. Using a cross-sectional consumer survey covering the main cities of the seven
regions of Turkey, Giiney et al. [1] applied an ordered probit model and descriptive statistics
to analyze the effects of attitudes and socio-demographic characteristics (as independent
variables) on fish consumption and purchase intention (as the dependent variables) in
421 participants. They found that taste, physical appearance, convenience, etc., have a
significant positive relationship with the frequency of fish purchase and consumption.
Therefore, selecting appropriate processing and preservation techniques to improve the
quality of aquatic products and meet consumer needs represents the key to achieving
enhanced economic value.

2. Processing of Aquatic Products
2.1. Raw Materials

Compared to raw food materials such as grains, wheat, and cattle, there is a much
richer variety of aquatic products available for processing, including more than 2000 species.
The qualities of a single species of fish, such as its nutritional composition, efficacy, and
sensory properties, are influenced by environmental factors, size, season, gender, and other
factors [2,3]. Snakehead fish (Channa argus), commonly known as black fish, are widely
distributed in rivers, lakes, ponds, and swamps in China, Korea, Japan, Southeast Asia,
India, and the Russian Far East. Snakehead fish are mainly farmed at high density or
live in wild fish ponds. Ren et al. [2] prepared soups from farmed and wild snakehead
fish and analyzed the nutritional composition of the soups. According to their results,
there were no obvious differences in the nutritional composition or antioxidant activity
between the soups. The protein content (1.90%) of the soup made from wild snakehead
fish was relatively lower, but the total fatty acid (16.22 g/100 g), polyunsaturated fatty
acid (7.17 g/100 g), and Zn (12.57 mg/kg) contents were significantly higher, suggesting
that it may have better efficacy in promoting wound healing. Catfish are a significant
commercial food commodity. Haque et al. [3] compared the proximate composition, re-
tained water, and bacterial loads of two sizes of hybrid catfish (Ictalurus furcatus x Ictalurus
punctatus) fillets. Additionally, they analyzed the impact of season on the differences in
the raw materials. It was found that the water content (78.0 vs. 76.0%) was higher, and fat
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content (6.0% vs. 8.0%) was lower for smaller (50-150 g) fillets compared to larger fillets
(150450 g). Furthermore, higher levels of psychrotrophics (~4.2 vs. ~3.0) and total coliform
(~3.4 vs. ~1.7) were observed in fillets in the warmer seasons (April-July) compared to the
cold seasons (Feb—April). Therefore, understanding the differences in the raw materials of
aquatic products is beneficial for ensuring quality control during processing, and ultimately,
maintaining high end product quality.

The quality of crab and fish cultured in outdoor earthen ponds can be affected by
numerous factors, such as the culture environment [4] and feeding [5]. For instance, com-
pared with fresh water, fattening male Chinese mitten crabs (eriocheir sinensis) in saline and
alkaline water led to numerous advantages, including improvements in carotenoid accumu-
lation in freeze-dried carapaces, DHA, EPA, total free essential amino acids, total free amino
acids, and total umami value in the hepatopancreas and muscle [4]. During transportation,
fish experience a decrease in muscle quality due to the stress induced by various factors
(e.g., ammonia nitrogen, collision, noise, and temperature). Peng et al. [5] temporarily
raised Wuchang bream fish (Megalobrama amblycephala) for 48 h before transportation, and
found that it significantly improved the muscle quality of the fish, including the water
holding capacity and shear force. The reason for this may be that the intestinal emptying of
the fish during the temporary respite process reduces ammonia nitrogen accumulation and
fish stress during transportation. Improving the quality of raw materials before processing
has positive significance.

2.2. Pretreatment

The initial stage of aquatic product processing, also known as pretreatment, generally
includes grading, bleeding, cooling, scaling, head removal, visceral removal, etc. The main
purpose of pretreatment is to remove non-edible portions such as the scales, viscera, head,
and tail, which comprise up to 70% of the total body weight. In addition, this stage also
includes maintaining the clean, white appearance of the fish meat and inhibiting microbial
growth. Pretreatment is a crucial step in processing, and determines the quality, yield,
and profits. Cutting comprises a set of crucial operations in fish pretreatment, whereby
the whole fish is divided into smaller pieces or certain sections are cut off to produce fish
products (e.g., fish fillets, steaks, surimi, slices, etc.). Traditionally, the cutting process was
performed by humans using metal knives, which is labor-intensive. This process has two
drawbacks. During cutting, a considerable amount of debris is created, which leads to a
large amount of raw fish waste. Additionally, heavy metal food contamination is expected
under an aqueous medium when a metal knife is used. In recent years, novel techniques
(such as waterjet cutting, machine vision, and artificial intelligence) have been invented to
overcome the drawbacks of metal blade cutting, and to achieve higher cutting efficiency
and quality [6].

2.3. Aquatic Product Processing

Aquatic processing products include surimi and its products, frozen headed and
gutted fish and fish fillets, fermented fish meat, dried squid and seaweed, canned fish
meat, etc. Surimi is a concentrated myofibril protein, and is an intermediate raw material
for processing surimi products. Washing is a key process in surimi processing. Water-
soluble cathepsin, blood and fishy substances, as well as most fats can be removed through
washing. The number of washes directly affects the quality and economic benefits of surimi.
By comparing different numbers of washes (0, 1, 2, 3), Zhang et al. [7] found that the
yield, types of fatty acids, redness (a*), total volatile basic nitrogen, and thiobarbituric
acid-reactive substances of the surimi decreased, and the whiteness, pH, gel strength, and
water retention increased, with increasing numbers of washes. They suggested that two
washes was optimal, taking into account yield, water consumption, and surimi quality. The
production of surimi using the traditional washing method has the disadvantages of bony
structures, high levels of cathepsins, and a muddy off-odor occurring in the final product,
the latter of which is mainly caused by geosmin (GEO) and 2-methylisoborneol (MIB).
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The use of a pH-shifting process not only significantly improves yield, but also effectively
removes GEO and MIB. Guo et al. [8] studied the effects of acid and alkali extractions on
the quality of surimi from silver carp (Hypophthalmichthys molitrix), and claimed that the
alkali extraction method was a better alternative for making water-washed surimi from
silver carp. However, currently, it is still difficult to achieve commercialization using the
method of pH-shifting in surimi processing, which may be due to the difficulty in scaling
up production and the high level of environmental pollution.

Surimi products are a type of deeply processed aquatic product with characteristics
such as high protein, low fat, and an elastic texture. The processing of surimi products
generally includes sequential processes such as thawing, cutting, chopping, the addition of
ingredients, shaping, heating, and packaging. Adding functional ingredients such as starch,
calcium ions, and transglutaminase can significantly improve the quality of surimi products.
Sang et al. [9] added different proportions (0 to 4.5%) of calcium lactate to large yellow
croaker (Pseudosciaena crocea) surimi and found that calcium lactate could significantly
improve its gelation properties, including its gel strength, whiteness, cooking loss and
water holding capacity. The mechanism of calcium lactate enhancing surimi gelation was
found to be related to the promotion of myosin stretching by divalent calcium ions and
the formation of salt bridges between adjacent negatively charged proteins. The authors
claimed that 1.5% was the optimal amount of calcium lactate.

Fermented aquatic products are also an important type of aquatic processing products.
In the processing of aquatic products, it is generally necessary to use methods such as
ozone water washing and to operate at low temperatures to reduce microorganisms, in
order to prevent raw materials from spoiling and deteriorating. Contrary to other aquatic
products, fermented aquatic products utilize the activity of microorganisms to partially
decompose aquatic proteins and partially oxidize fats, producing unique flavors. Due
to differences in raw materials and fermentation processes, various fermented aquatic
products with local characteristics are formed, such as “Zhayu”, which is a popular fish
product in central provinces of China. Compared with natural fermentation, inoculated
microbial fermentation has the significant advantages of shortening production cycles and
improving product quality stability. An et al. [10] found that inoculating lactic acid bacteria
could increase the crude fat and protein content of “Zhayu”, reduce the fishy smell, and
make the product tender and soft. According to their research results, the samples prepared
with 10 cfu/100 g lactic acid bacteria presented the best overall qualities. In addition, they
also reported significant differences in the quality of “Zhayu” produced via inoculation
with three different types of lactic acid bacteria. “Zhayu” fermented with L. plantarum and
P. acidilactici showed the strongest sourness, while the samples prepared with P. pentosaceus
showed the strongest umami taste, as evidenced by the fact that they had the highest Asp
(25.1 mg/100 g) and Glu (67.8 mg/100 g) content.

Besides fish, seaweed is also widely available and of great commercial importance. At
present, seaweed is mainly used for extracting polysaccharides, or dried for consumption
in dishes and casual snacks. In a recent study, it was stated that powdered seaweed (Ulva
intestinalis) from coastal areas of Bangladesh is incorporated into cookies to enrich them in
unsaturated fatty acids [11].

3. Preservation of Aquatic Products
3.1. Preserving Agents

The muscle tissue of fish and other aquatic products is soft and tender, with high
water content. The enzymes in a fish’s body exhibit strong activity at room temperature.
After the fish dies, these enzymes quickly decompose the fish protein into a large number
of low-molecular metabolites and free amino acids, which become nutrients for bacteria.
Therefore, aquatic products are generally prone to spoilage. Thanks to the advancement of
preservation and rapid detection technologies (such as employing the peroxide activity of
platinum cubes as an indicator of fish freshness [12]), the shelf life of aquatic products can
be extended and safety hazards can be reduced. Adding a preserving agent is an effective
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means of extending the shelf life of aquatic products. In recent years, the use of weak
acids [13-15], essential oils [16,17], and epigallocatechin gallate (EGCG) [18] as aquatic
preserving agents has become a research hotspot.

Zhan et al. [13] applied sous vide (SV) cooking treatments to half-shell scallop (Chlanys
farreri), and compared its physicochemical qualities and the volatility of its flavor with a
control (cooked at 100 °C for 10 min) during 30 d of chilled storage. Upon monitoring
the volatile basic nitrogen (TVBN), pH, texture, malondialdehyde (MDA) content, and
myofibrillar protein (MP) extraction rate of the scallop samples, they reported that the SV
cooking treatments effectively maintained acceptable and stable physicochemical qualities
during storage. The effects of different acids on the quality, nutrition, and sensory quality
of aquatic products vary. For example, Baltic herring (Clupee harengus membras) pickled
in acetic acid and malic acid showed lower fat content during storage compared with
those pickled in citric, lactic, and tartaric acids [14]. Replacing acetic acid with other weak
acids resulted in pickled and marinated Baltic herring with novel and milder sensory
profiles. There is a synergistic effect between weak acids and other physical preservation
technologies. Lactic acid in combination with high hydrostatic pressure effectively inhibited
microbiological growth and physicochemical changes (pH, sensory evaluation, flush, and
texture) of large-mouth bass fillets [15].

Essential oils (EO) are important natural plant extracts and have attracted much
interest from scientists for their antibacterial and antioxidant properties. By comparing four
essential oils (oregano essential oil (OEO), tea tree essential oil (TTEO), and wild orange
essential oil (WOEOQ)), Qian et al. [16] reported that OEO displayed the highest antimicrobial
effect in Pacific white shrimp (Litopenaeus vannamei) during cold storage. Additionally,
they found that the combination of OEO and CLEO had a synergistic effect, and displayed
the highest efficacy in preventing melanosis, bacterial growth, and protein hydrolysis in
shrimp. In order to overcome the volatile nature of essential oils, Qiu et al. [17] processed
microcapsules with porous starch as an adsorbed substrate to store SOEO (PS/SOEQO),
sodium alginate (SA), and chitosans (CMCSs) as shell materials, in order to delay the
volatilization of SOEO. They found that CMCS and SA improved the slow reducing
ability of SOEO microcapsules, and the shelf life of crawfish (Procambarus clarkii) could be
extended to 6 days by SOEO microcapsules (1/10 g, SOEO microcapsules/crowfish) at
room temperature.

Like essential oils, tea polyphenols are an emerging food preserving agent for aquatic
products due to their vital antioxidant and bacteriostatic properties. According to a study
by Tian et al. [18], besides maintaining texture and gel strength, the addition of EGCG
can inhibit microbial growth and the formation of off-odor compounds such as total
volatile basic nitrogen (TVB-N) and malondialdehyde (MDA). They recommended that
EGCG at a concentration of 0.01-0.02% could effectively preserve surimi gels during
freeze-thaw cycles.

3.2. Non-Thermal Processing

In recent years, non-thermal processing has been increasingly applied to the preserva-
tion of aquatic products. Compared with thermal sterilization such as pasteurization, it can
better preserve the nutrition, texture, and flavor of aquatic products. Common non-thermal
processing methods for aquatic products include ultrasound [19], high-voltage atmospheric
cold plasma [20], electron-beam irradiation [21], high hydrostatic pressure [15], etc.

Ling et al. [19] investigated ozone water and ultrasound cleaning in the storage of
crayfish through microbial viable counts and 16S rRNA gene sequencing. They reported
that the ozone water in combination with ultrasound cleaning could significantly reduce
the total viable count, psychrophilic viable count, mesophilic viable count, pseudomonas,
hydrogen sulfide-producing bacteria, molds, and yeasts. With the extension of high-voltage
atmospheric cold plasma treatment (0 to 300 s), the number of colonies on the surface of
tilapia (Oreochromis mossambicus) fillets inoculated with Salmonella enterica serovar enteritid
is (S. enteritis) and /or Listeria monocytogenes (L. monocytogenes) gradually decreased [20].
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However, the pH, b* value, elasticity, chewiness, thiol value, and TVB-N value were not
significantly different. Electron-beam irradiation treatment with a dose of 4 kGy was able to
retain the muscle water content and preserve their quality of silver carp (Hypophthalmichthys
molitrix) chunks stored at 4 °C [21]. Additionally, high hydrostatic pressure treatment at
400 MPa effectively inhibited microbiological growth and physiochemical changes in
large-mouth bass fillets [15]. The mechanism by which non-thermal processing exerts
its preservation effect is generally related to its damage to microbial cell membranes and
enzyme/ protein structures. Briefly, non-thermal processing can be used as a cleaning
strategy to control the microbiological quality of aquatic products, and has much lighter
effects on their quality.

3.3. Packaging

Recently, in addition to air packaging and vacuum packaging, modified atmosphere
packaging (MAP) has also been utilized in aquatic preservation. Regarding MAP, O,,
CO,, and N gas are mixed into high-barrier-performance packaging material to inhibit
microbial growth, enzymatic reactions, and lipid oxidation. In a recent study, Zhang et al.
reported that MAP with a 70% CO,/30% N, gas ratio was optimized to inhibit the quality
deterioration of golden pompano (Trachinotus ovatus) fillets [22].

Aquatic products are an important source of food for humans. The processing and
preservation techniques for aquatic products are constantly improving, with the aim of
improving nutrition, taste, and convenience. In the production process of aquatic products,
enterprises are also increasingly emphasizing energy conservation, loss reduction, and
environmental protection. It can be foreseen that these techniques, which are still in their
experimental and pilot stages, will play an increasingly important role in future industrial
production. New processing and preservation techniques will also continue to emerge.

In this editorial, with regard to aquatic product processing and preservation, we intro-
duce methods of raw material quality improvement (using fattening techniques in saline
and alkaline water and respite as examples), pretreatments (using cutting as examples), and
new techniques for processing aquatic products (using surimi and its products, fermented
products, and seaweed products as examples). In addition, we introduce new technological
advancements in the preservation of aquatic products from the perspectives of preserving
agents (using weak acids, essential oils, and EGCG as examples), non-thermal processing
(using ultrasound, high-voltage atmospheric cold plasma, electron-beam irradiation, and
high hydrostatic pressure as examples), and packaging (using MAP as an example). This
editorial is suitable for undergraduate and graduate students majoring in food science and
technology.

We are grateful to the contributing authors of this volume for their efforts and excellent
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Abstract: Due to the dynamic nature of demand, it is becoming increasingly important for the fish
industry to investigate the changing choice behaviors of consumers in the face of increasing demand.
This research investigated the role of attitudes and socio-demographic characteristics, which are the
main factors in the fish choice behavior of consumers and in fish consumption behavior. In this context,
an ordered probit model was constructed to analyze the effect of attitudes and socio-demographic
characteristics as independent variables on fish consumption and purchase intention as the dependent
variables. In addition, descriptive statistics were also used to reveal the current preferences related to
fish. The data required for the model and descriptive statistics were obtained from 421 participants
using a cross-sectional consumer survey covering the main cities of the seven regions of Turkey. The
results show that while consumers prefer fish more than red meat and less than poultry, they mostly
buy fresh fish from fish markets. Moreover, taste, physical appearance, convenience, wild fish, and
seller trust attitudes have a significant and positive relationship with the dependent variable (the
frequency of fish purchase and consumption) and price has a negative and significant relationship.
Moreover, an increase in education level has a positive and significant relationship with the frequency
of fish consumption. The research results provide important suggestions and information for decision-
makers in the fish industry to implement effective policies and meet the consumer expectations of
producers and distributors in the fish industry. In addition, the current study provides guidance for
future research.

Keywords: fish choice parameters; attitudes; socio-economic features; consumer-seller determinants

1. Introduction
1.1. The Food Choice Behavior Phenomenon

Food choice is a dynamic, multidimensional, and complex phenomenon influenced
by many interconnected factors; so, it has been the focus of food market research analysis
over the last 50 years [1-5]. The studies of [6], who calculated that consumer make more
than 220 food-related decisions per day, demonstrate the great frequency and significance
of this choice. The authors of [7] suggested that individuals’ food choices are influenced by
three categories: (i) the nutritional content and physical properties of the food, (ii) sensory
attributes (taste, odor, texture, etc.) and psychological factors of the individuals, and
(iii) the economic and social environment. Factors that influence food choice can also be
summarized as sensory factors (taste, odor, and texture) and non-sensory factors (price,
health claims, availability, sustainability, convenience, personal values, etc.) [8].

Food choice behavior has also been affected by economic and social drivers such as
increases in per capita income, changes in agri-food sector practices, diversification of pro-
duction methods, fluctuating food prices, trade liberalization, supply chain developments,
and the increased role of the media and marketing over the past several decades [9-12].
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The importance of the influencing categories is likely to vary between consumers
and products, making it crucial to understand which factors are important among specific
segments for evaluating food choice and the drivers behind it [13].

Revealing the factors underlying consumers’ food preferences is one of the main
issues that agri-food marketing experts have focused on for many years. Globalization and
developments in communication opportunities have affected the speed and dynamics of
changes in food preferences. Therefore, the scope of research in this area is expanding, and
the frequency of updates is increasing.

1.2. Attitudes toward Fish Purchase and Consumption Intentions

In marketing, understanding attitudes can help marketers predict consumer behavior [14].
The differences in attitudes are reflected in consumers’ purchase decisions and consumption
practices [15]. For this reason, marketing managers spend millions of dollars researching
consumer attitudes toward products and brands and spend many more trying to influ-
ence these attitudes. By influencing consumers’ attitudes, marketers hope to influence
consumers’ purchase behavior [16]. Attitudes are also suggested to be one of the main
determinants explaining food consumption behavior, including seafood consumption
behavior [17].

Since fish consumption has been associated with the healthy life concept and a balanced
diet during the last decades, authorities have encouraged fish consumption [2,3,8,18-27].
The World Health Organization recommends eating at least two servings of fish per
week [17,21,28].

From 1961 to 2017, global fish consumption increased by 3.1% at a rate nearly twice
that of the annual world population growth (1.6%) and faster than all other animal protein
foods (meat, dairy, milk, etc.), which increased at a rate of 2.1% per year. Per capita, fish
consumption increased by about 1.5% per year from 9.0 kg (live weight equivalent) in 1961
to 20.5 kg in 2018. In 2017, fish consumption accounted for 17% of the global population’s
animal protein consumption and 7% of the total protein consumption [19,29,30]. The
increase in the world population with higher living standards, efforts of consumers in
healthy nutritional consumption, improvements in seafood processing technologies, and
promotion campaigns, which changed consumption habits, have led to an increase in fish
consumption in recent years [31-35]. Thus, the increased fish consumption has directed
marketers and researchers to focus more on consumers’ fish consumption behavior.

Consumer attitudes significantly impact fish consumption and buying decisions,
so there is significant interest in learning more about the dynamics of choice behavior
for seafood [20,32]. Seafood consumption is influenced by many interrelating factors,
including attitudes, personal factors, and the cultural and social environment [36]. The
attitudes that may affect individuals’ fish purchase and consumption behavior have been
studied previously. In this context, the attributes and patterns for fish consumption vary
across cultures, countries, and individuals. The most commonly studied attributes are the
taste, texture, nutritional value, price, familiarity, health, convenience, availability, season,
geographical origin, freshness, and obtainment method [19,25,30,34,36—40]. In addition
to those, consumers’ sociodemographic and economic characteristics are also accepted as
impacting fish consumption behavior [25,34,39,41].

Attitudes act as a mediator in consumers’ food purchasing behavior and affect the
intention and consumption of a food product [42,43]. Thus, it is important to understand
the relationship between attitudes and choice behavior. The demand for fish has increased
in the last few decades due to the high nutritional value, increase in health problems
based on nutrition in society, easier access to fish (sales to supermarkets), increase in the
consumption behavior outside the home, promotional campaigns, and innovations in the
form of fish consumption (such as fish fingers) [23,25,31]. In this context, understanding
consumer variable demand structures in the face of increasing demand is very important for
all parties involved (fish sector, policy makers, relevant non-governmental organizations,
and consumers). The main focus of this research was to identify and explain the factors
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that affect consumers’ choice behavior towards fish within the framework of attitudes
and sociodemographic characteristics. For this purpose, the fish consumption pattern and
attitudes and socio-demographic characteristics that determine and affect the fish consump-
tion and purchasing preference behaviors in Turkey were analyzed using the regression
model and descriptive statistics. In the model, attitudes and sociodemographic features
were utilized as a proxy for an overall assessment of fish and they referred to the degree
to which consumers positively or negatively evaluate. The results provide information to
researchers, policy makers, NGOs, and fish industry stakeholders by understanding and
explaining the fish choice behavior [19,44,45]. Thus, they can create new effective strategies
and marketing plans to create a sustainable value chain for fish consumption.

2. Material and Methods
2.1. Data Description

The quantitative data required to present the consumers’ fish purchase and consump-
tion patterns and explain the relationship between attitudes and fish choice behavior were
gathered by a cross-sectional survey. This survey was conducted in the major cities (Adana,
Ankara, Gaziantep, Istanbul, Izmir, Trabzon, and Van) of the seven geographical regions of
Turkey during August-October 2021 by a commercial marketing agency (Ayna Market Re-
search Co.). These cities were chosen due to their geographical dispersion and population
sizes, making them a good representation of the entire country. The sample size allocated
to each city was determined according to their respective populations. The questionnaire
was applied to 450 consumers who were responsible for their households’ food purchases.
After the preliminary examination, 421 were chosen for evaluation and used in the analysis.
The final sample size was extracted from an infinite population with a confidence level of
95.5% (p = 0.05). The sociodemographic characteristics of the sample are given in Table 1.

Table 1. Sociodemographic characteristics of the sample.

Gender % * f Age % * f Education % * f
Female 52.5 221 <34 42.1 177 Uneducated 5.0 21
Male 47.5 200 35-49 35.4 148 Primary 32.8 138
50-69 21.4 90 High School 33.7 142
>70 14 6 University 28.5 120
Income % * f H. Size %* f
No Income 9.7 41 1 8.3 35
<3000 TL 214 90 2 12.4 52
3001-4500 TL 36.8 155 3 259 110
4501-6000 TL 20.0 84 4 28.7 120
6001-7500 TL 7.4 31 >5 24.7 104
>7501 TL 4.7 20

* Respondent percentages for each category. H. size: Household size. TL: Turkish Lira. f: frequency of the values

2.2. Survey Design

The questionnaire was divided into two parts. The first part was designed in four
sub-sections to gather information related to the consumption patterns, attitudes toward
fish choice behavior, and sociodemographic characteristics of the participants, which later
formed the independent variables of the analysis. The participants were asked to score the
importance of each item on a four- or five-point Likert scale to express how strongly they
agreed or disagreed with each statement in this part.

The second part consisted of the question "How often do you consume fish?’, which
constituted the model’s dependent variable. The dependent variable, which is expressed
by the consumption frequency, was formed to take the value of ‘1" if fish consumption was
every day or 2-3 times a week, ‘2’ if it was once a week or 2-3 times a month, and ‘3’ if it
was once a month or less than once a month (Table 2).
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Table 2. Categorization of the fish consumption frequencies.

Dependent Variable f % *
Y7 = often every day or 2-3 times a week 11.6

Y, = sometimes once a week or 2-3 times a month 56.8
Y3 = rarely once a month or less 31.6

Description of each dependent variable. Answers for dependent variables were categorized into three levels: Y7,
Y>, and Y3. f: frequency of fish consumption. * Respondent percentages for each category.

2.3. Analytical Framework and the Model

The data gathered through the survey application were analyzed using descriptive
statistics and a regression model. The impacts of attitudes on consumer choice behavior
have been frequently analyzed by regression models in previous studies [42,43,46,47].

In the model, to determine the factors affecting the frequency of individuals’ fish
consumption, the answers given to the question ‘How often do you consume fish?” in the
survey were determined as the dependent variable. In line with the answers given by the
individuals, the dependent variable was classified into three categories: ‘often’” if it was
every day or 2-3 times a week, ‘sometimes’ if it was once a week or 2-3 times a month, and

‘rarely’ if it was once a month or less than once a month (see Table 2). In this context, since

the dependent variable consists of more than two values and has a natural ordering, it is
appropriate to apply the ordered probit model to the variables [48].
Generally, the ordered probit model can be specified from the unobserved latent
variable (Yi*):
Y/ =xip+e 1)

where i (i = 1,2,...,N) denotes consumers, x; is the vector of independent explanatory
variables, 8 is the vector of unknown slope parameters, and ¢; is an unobserved individual
error term with a standard logistic distribution. The answers given to the question "How
often do you consume fish?’, which is the dependent variable expressed by the consumption
frequency in the model, were coded as shown in Table 2 and used in this form in the
analysis. So, lower levels of Y;* indicated that the individual has a higher consumption
frequency. In comparison, higher levels of Y;* indicated that an individual has a lower
consumption frequency. In short, in the ordered probit model, the dependent variable
(i.e., the consumption frequency of individuals) was classified according to the values that
the unobserved latent variable (Y;*) takes within certain threshold value ranges T:

1, ‘often’  if <Y <Tm
Y; =12, ‘sometimes’ if T <Y} <1 2)
3, ‘rarely’  if <Y <13

where 7 (k = 1,2,3) indicates the threshold level according to the consumption frequency

of each individual. In addition, the probability of choosing a particular consumption
frequency of each individual is as follows:

P(Y; = j|xi,p) = P(1j-1 < ¥} < 1))
Tji—1 < x§/§+s,~ < T])
o1 <60 <~ 3]

T — x/B) — F(tj-1 — x;B)

®)

—_~ —~ —~

where F is the cumulative distribution function of ¢; [49]. To calculate the explanatory vari-
ables’ effects on each individual’s preference probability, the derivative of the cumulative
distribution specified in Equation (3) was taken according to the explanatory variables.
The model estimation was carried out using the maximum likelihood method, and the
logarithmic likelihood function is expressed by Equation (4) [50,51]:

10
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]
InL(B,Tly,x) = }_ } n[F(t; — xiB) — F(7j—1 — xip)] )
=Y

A principal component analysis (PCA) with a varimax rotation was applied to di-
mensionality reduction in order to reduce the complexity of the model. Thus, it was
possible to determine the basic dimensions of consumer participation in fish selection
behavior [31,52-54]. Variables with factor loadings of >0.4 were removed from the factor
set [55]. With the help of this dimensional reduction with PCA, 23 attitudes in the survey
were reduced to 15.

The level of significance was set at p < 0.05. To perform the data analysis, ordered
probit regression was conducted using StataCorp. 2013. Stata Statistical Software (STATA)
v13 (College Station, TX, USA: StataCorp LP.) and PCA, and descriptive statistics (mean
values) were reached using Social Sciences (SPSS) v21.0 software (Armonk, NY, USA: IBM
Corp.) [56].

3. Results
3.1. Descriptive Statistics Results

According to Table 2, 11.6% of the individuals in our sample consumed fish daily or
2-3 times a week, 56.8% once a week or 2-3 times a month, and 31.6% once a month or less
than once a month.

In this study, the general meat consumption distribution of the individuals was de-
termined, and it was concluded that the average fish consumption was less than the
consumption of red meat and more than the consumption of poultry (3.5 kg per month)
(Figure 1).

Red meat NN 2195
Poultry I 4.582

Seafood | 3.498

0 1 2 3 4 5

Figure 1. Monthly household meat consumption distribution (kg).

In this research, consumers’ purchasing place preferences for where to buy fish were
also determined (Figure 2). Accordingly, it is understood that consumers in Turkey mostly
buy fish from fish markets. Street markets, supermarkets, and street vendors came after
fish markets in the purchasing place preferences.

Supermarket

Street Saler < 1.89% > Fish Market

2.47
Street Market

Figure 2. Fish purchase location preferences.
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Figure 3 shows consumers’ fish consumption preferences. Accordingly, consumers
mostly preferred to consume fresh fish instead of processed options (canned, frozen, dried,
salted, or smoked).

Fresh
4 239
3
Salted or
Frozen
Smoked 1.36 1.52
146 17
Canned Dried

Figure 3. Fish consumption preferences.

The results obtained within the scope of this research show that more than half of the
consumers consume fish once a week or 2-3 times a month. Consumers prefer fish markets
for their fish purchases, and their consumption preferences are mostly for fresh fish.

The description and mean values of the socio-economic characteristics of the sampled
individuals are given in Table 3. According to Table 3, the mean value of the gender
variable is 0.524, indicating that 52% of the individuals in this study were female. The
mean value of the education variable is 2.857. Accordingly, most individuals in the sample
were primary and high school graduates. The average value of the income variable is
3.080, which indicates that the monthly income of the individuals in the sample generally
varies between 3000 and 4500 TL. The average household size was found to be three to
four individuals.

Table 3. Categorization and mean values of the socio-demographic variables.

Mean SE
Gender female: 1; male: 0 0.524 0.024
Age <34: 1; 35-49: 2; 50-69: 3; >70: 4 1.817 0.039
. Uneducated: 1; primary school: 2;
Fducation high school: 3; university: 4 2857 0.043
no income: 1; <3000 TL: 2; 3001-4500 TL: 3;

Income 4501-6000 TL: 4; 6001-7500 TL: 5; >7501 TL: 6 3.080 0.060
H. size single household: 1;n=2:2;n=3:3;n=4: 4; 3.491 0.059

n>55

Categorization of sociodemographic variables (gender, age, education, income, and household size). SE = standard
error. Values are the mean.

Table 4 presents the definitions, mean, and standard errors of this study’s explanatory
variables (attitudes). Accordingly, the average values of the variables of taste, price, ac-
cessibility, traditional consumption, variety, seller trust, production method, and physical
appearance were found to be above a score of four. According to this, the individuals in the
sample generally showed a traditional approach to fish consumption by finding the fish
meat delicious, the price of the fish high, and the fish easy to access or buy. Trust in the
seller, production method, and the physical appearance of the fish they buy or consume
were also important for the individuals participating in the sampling.

12
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Table 4. Descriptive statistics on fish choices.

V. Definitions Mean SE
Taste I find fish delicious 4.323 0.034
Price I find fish prices high 4.095 0.045
Accessibility Accessibility is important in the fish supply 4.118 0.039
Health Fish consumption is healthy 4.35 0.031
Traditionality I perceive fish as a traditional food 4.066 0.042
Convenience Convenience is important for fish choice 3.681 0.052
Fishing method Fishing method is important for fish choice 3.888 0.048
Species Species of fish is important for fish choice 4.040 0.036
Unnatural sub. Concerned about use of unnatural sub. 3.672 0.049
Location Location where fish is caught is important 3.94 0.041
Seller trust trust the seller is important 4.090 0.037
Wild fish I prefer wild fish 4.010 0.041
Freshness concern Concerned about the freshness of the fish 3.980 0.041
Phy. appearance I pay attention to the phy. app. of the fish 3.757 0.046

V.: Variables. SE = standard error. 5-point Likert scales: Strongly disagree (1), Disagree (2), Undecided (3),
Agree (4), Strongly agree (5). Values are the mean.

3.2. Regression Model Results

Table 5 shows the results of the ordered probit analysis regarding the relationships
between the attitudes toward fish choice behavior, sociodemographic characteristics of the
participants, and frequency of fish consumption. Table 5 also demonstrates the coefficient
estimates of the explanatory variables in the ordered probit model. In this study, the
dependent variable, which expresses the fish consumption frequency of individuals, takes
the values of 1, 2, and 3, where 1 represents the situations where the frequency of fish
consumption is the least, 2 represents the medium level, and 3 represents the situations
where it is the most.

Table 5. Ordered probit model coefficient estimates.

V. Coeff. SE P
Taste 0.203 0.084 0.016 **
Price —0.121 0.059 0.043 **
Accessibility 0.106 0.071 0.134
Health 0.069 0.087 0.425
Traditionality —0.048 0.064 0.454
Convenience 0.109 0.051 0.035 **
Fishing method 0.032 0.061 0.594
Species —0.117 0.073 0.111
Use of unnatural sub. 0.0431 0.057 0.434
Location —0.043 0.068 0.526
Seller trust 0.153 0.076 0.044 **
Wild fish —0.113 0.063 0.074 *
Freshness concern —0.095 0.068 0.164
Physical appearance 0.182 0.058 0.002 ***
Gender 0.081 0.1050 0.439
Age 0.027 0.073 0.703
Education 0.190 0.069 0.006 ***
Income 0.047 0.0.045 0.306
Household size —0.058 0.043 0.226
Cutl 1.556 0.667
Cut2 3.446 0.676

V.: independent variables of the model. Coeff: coefficients. p: prob value. SE = standard error. Level of statistical
significance: * p < 0.01, ** p < 0.05, *** p < 0.010%.

The answers given to the questions regarding the attitudes toward fish consumption
of the individuals are presented in Tables 4 and 5, where strongly disagree = 1, disagree = 2,
undecided = 3, agree = 4, and completely agree = 5. When the regression results were

13
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examined, statistically significant relationships were found between the attitudes, taste,
price, convenience, seller trust, wild fish, physical appearance, and fish consumption
frequency. In addition, a significant relationship between the education variable, one of
the sociodemographic variables, and the frequency of fish consumption was found. Other
attitudes about fish consumption and sociodemographic variables were not found to be
statistically significant with the frequency of fish consumption.

4. Discussion

Within the scope of this research, all attitudes that may be effective in fish consumption
were evaluated, and those related to consumers’ purchase or consumption were determined
with the help of the established probit model. Accordingly, taste, convenience, seller
confidence, wild fish, and physical appearance attitudes were found to be positively related
to fish purchase and consumption while the price was negatively related. In addition,
the effect of sociodemographic characteristics on fish consumption or purchase was also
included in this research model. In this context, a positive relationship between education
level and fish consumption behavior was revealed.

According to the results of the descriptive statistics, monthly fish consumption was
determined to be higher than red meat and lower than poultry consumption. Middle-
income families in Turkey mostly consume poultry for their meat requirements. The
relatively low price of poultry is the main reason for this preference, especially in times of
high inflation such as now. In addition, fish are mostly preferred by consumers with higher
education levels [25,31,57,58]. Due to its high price, red meat consumption is lower than
the consumption of fish and poultry.

The descriptive statistics results also show that consumers mostly prefer fish markets
for their fish purchases. Among the factors that cause the preference for purchasing in
fish markets is the abundance of fish varieties, high probability of finding fresh fish, and
relatively lower prices. The fact that fresh fish is the first preference supports the finding
that individuals prefer fish markets, which are one of the first links in the supply chain
and provide access to fresh fish at lower prices. This is also supported by the correlation
between the purchase frequency and the price factor in the regression results.

The majority of consumers preferred fresh fish instead of processed options. Consider-
ing the consumption habits of Turkish consumers, dried, salted, and smoked fish are much
less preferred than fresh, canned, and frozen fish. Fresh fish is cheaper than processed
fish, and habits and cultural factors are effective in the prominence of fresh fish as a fish
consumption preference. In their studies, [8] also stated that freshness is one of the most
important determinants affecting the level of fish consumption.

According to the ordered probit regression results revealing the relationships between
attitudes toward fish and the probability of fish consumption (see Table 5), the attitude with
the highest significance with the frequency of fish consumption was physical appearance.
The greater the importance given to the physical appearance of the fish, the more likely
an individual is to consume or purchase fish more often. In their study, [39] established
a relationship between the physical appearance of fish and consumer confidence in fresh
seafood. Moreover, [36] reported that one of the attitudes that has the highest impact on
the measured perceived quality is the physical appearance of the fish, along with taste and
texture. The study of [59] also stated that the indicators of freshness, physical appearance,
and color were found to be significant in terms of consumer attitudes.

There is strong evidence that taste is a good predictor of consumers’ food choices as a
sensory attribute. Consumers often mention taste as a major factor in their food preference
decisions [60-63]. The research of [64] was one of the first to reveal the importance of taste
attitudes by concluding that husbands, rather than wives, priorities the taste factor in their
food preferences.

In many studies on fish consumption preferences, the importance of the taste variable
for consumers has also been revealed. In their studies, [3,18,20,27,31,36,37,39,65-69] found
that taste is related to fish or other types of seafood purchase and consumption behaviors.
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The probit model results of the current study also show that the more delicious consumers
find the fish, the more they increase their consumption.

In many studies, price was determined as the leading factor among the barriers to
fish consumption, together with the trust of the seller, presence of fishbone, availability,
and smell [18,20,27,31,36,68-71]. Fish is perceived to be expensive in most countries, and if
consumers indicate that the price level is important, their intention to purchase fish may
decrease [37,57]. The low price of fresh fish in the market is probably an advantage for the
product to be selected or substituted for other foods, especially in developing countries
where high inflation rates are effective such as Turkey [35,36]. Additionally, in our study,
price was a significant factor in fish choice behavior. In their study, [72] reached similar
results: the probability of consuming fish decreased by 3.4% if the consumers perceived the
price as being high.

As previously mentioned, trust is another barrier to consuming fish or seafood prod-
ucts. Lack of trust in choosing and preparing seafood is one of the biggest barriers to
seafood consumption [20,34]. Consumer confidence in products moderates the relation-
ship between attitudes and behavioral intentions [73]. In Turkey, consumers prefer fish
markets instead of organized retail stores such as supermarkets as the place to buy fish,
which reveals the trust factor. In fish markets, on the other hand, there is no intermediary
assurance mechanism in determining the qualities of fish, such as freshness and being
natural. The seller’s declaration is the only element of trust. Therefore, seller reliability is
very important. The research results also show a negative relationship between consumers
giving importance to the seller’s reliability when purchasing fish and fish consumption. As
the trust in the seller decreases, the probability of purchasing decreases.

In fish choice behavior, convenience is accepted as another important factor and can
determine whether an individual consumes fish or not [39]. The convenience attitude
was detected as being significant in previous studies and accepted as a controlling fac-
tor determining the seafood choice [2,34,36,37,39,65,74]. The authors of [67] found that
convenience is the second most important attitude for fish consumption after shelf life.
The authors of [20] indicated that convenience is one of the leading drivers of seafood
consumption in Australia. Due to the role of the convenience attitude, there is a demand
for fish consumption in a frozen or canned form, which is ready to be cooked or eaten [34].
In our study, the convenience attitude is significantly related to fish consumption. As
the consumers perceive that the preparation or consumption fish to be convenient, the
probability of consuming or purchasing fish will increase.

In the seafood sector, fish are sourced from aquaculture farms or caught in the wild [2].
In many fish markets, wild fish have a more favorable image regarding taste, health, and
nutritional value than aquaculture fish [2,26,40,75]. The quality perception of wild fish is
also higher than aquaculture fish. Consumers have more positive attitudes toward wild
fish and are willing to pay a premium for wild fish [2,26]. The probit model of this study
also established a relation between wild fish preferences and an increase in consumption.
According to the model results, the fact that the fish is wild rather than from aquaculture
increases the probability of consumption.

The effects of sociodemographic variables on the frequency of consumption were
also evaluated within the scope of this study. The results show that among the variables
of gender, age, education, income, and household size, education is the only variable
associated with the consumption frequency. The positive relationship between education
and consumption frequency shows that the higher the education level of the consumers,
the higher the probability of an increase in the fish consumption frequency. This is in line
with previous studies of [25,28,57,69,76,77], which all found a positive association between
education and fish consumption behavior.

5. Conclusions

It can be concluded from the results of this study that greater importance should be
given to the modernization of fish markets and more efficient supply chains should be
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established to deliver fresh fish products to consumers in Turkey. Promotional activities
should be carried out for canned and frozen products, which have important industrial
infrastructure opportunities in Turkey. Thus, convenience, an important attitude regarding
fish, can also be achieved. Fish should be made to be a more accessible and consumable
product by applying policies to reduce consumer prices. In Turkey, fish is usually cooked
and served without using diverse receipts and culinary arts. We can state that applications
that enhance the flavor of fish (such as new cooking methods, sauces, or recipes) will
positively affect fish consumption. Diversity and value should be added to fish presentation
by researching fish dishes and serving methods in countries with high fish consumption
habits. Since consumers give importance to the physical appearance of fish, and this
attitude is related to consumption, the appearance characteristics of fresh fish should be
highlighted in the market.

One of the main determinants of the pricing of fresh fish in Turkey is whether the
fish is wild or from aquaculture. Consumers generally prefer wild fish to aquaculture fish,
but wild fish costs about 20% more. There is no standard-setting application that enables
them to distinguish whether the fish is wild or farmed, and they generally have to rely
on the seller’s statement. Seafood fraud has recently increased by 60%, and the seafood
industry has been hit particularly hard. Salmon, tuna, and halibut are just a few varieties
that are commonly mislabeled in restaurants and grocery stores. A new blockchain network
aims to eliminate fraud by tracking seafood from the point of capture to the kitchen. With
the knowledge of where and how the fish are produced using QR code applications, the
consumer can better know what they are buying. With the increase in these applications,
the complexity of this matter may be solved to a great extent. However, the absence of
QR codes and blockchain applications creates doubt in consumers, and their trust in the
seller becomes very important. For this reason, consumers generally buy fish from people
or institutions they know. Features such as the freshness or wildness of fish should be
positioned according to market standards and consumer perceptions.

With the help of these results, efficient marketing strategies and promotional practices
can be created, and inefficient ones can be avoided. Thus, the research findings have
important managerial and policy implications that concern various stakeholders.

Limitations

Some limitations of this study should be acknowledged. First, this study only focused
on individuals’ fish purchasing behavior for their home consumption. However, it is known
that there are options for away-from-home fish consumption such as fish restaurants,
fast food, and cafes. Research can also be applied to the away-from-home consumption
behaviors of consumers regarding fish. Second, continuing pandemic conditions during
the research process forced this research to be conducted with a limited number of samples
to prevent an impact on public health. Last, to avoid confusing results, only fish were
focused on, neglecting other aquatic products. Similar studies can also be carried out for
other types of seafood.
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Abstract: In recent years, fish soup has become an important product for commercial processing
of fish due to its health effects. In this study, nutritional composition and antioxidant ability of
soups prepared from farmed and wild snakehead fish were analyzed (hereafter FS and WS soup,
respectively). For the FS soup, the proximate composition of protein, fat, ash, free amino acids, and
soluble peptides were 2.55%, 0.89%, 0.92%, 0.47%, and 0.62%, respectively. The total amino acid
was 390.11 mg/ g, and the proportion of essential amino acid was 27.59%. The total fatty acid was
13.64 g/100 g, of which monounsaturated fatty acid was 5.78 g/100 g, n-6 polyunsaturated fatty acid
3.50 g/100 g, and n-3 polyunsaturated fatty acid 0.41 g/100 g, respectively. The contents of Zn and Ca
were 9.04 mg/ kg and 1.13 mg/ g, respectively. The DPPH radical-scavenging ability, Fe?* chelating
ability, and hydroxyl radical-scavenging ability was 57.89%, 21.21%, and 25.61%, respectively. Overall,
there was no obvious difference in the nutritional composition and antioxidant activity between the
FS and WS soups. The protein content (1.90%) of the WS soup was relatively lower, but the total fatty
acid (16.22 g/100 g), MUFA (7.17 g/100 g), and Zn (12.57 mg/ kg) contents were significantly higher.

Keywords: growth environment; snakehead fish; fish soup; amino acid composition; fatty acid composition

1. Introduction

Snakehead fish (Channa argus), commonly known as black fish, fortune fish, etc., be-
longs to the family Channidae, and is a ferocious carnivorous freshwater fish [1]. It is widely
distributed in rivers, lakes, ponds, and swamps in China, Korea, Japan, Southeast Asia,
India, and the Russian Far East [1,2]. The volume of snakehead fish reached 540,000 tons in
2021 in China [3]. Compared to other freshwater fish, snakehead fish has the advantages of
high meat yield, high protein and other nutrient content, and various therapeutic effects [4].

Snakehead fish is mainly farmed in high density or grows wildly in fish ponds. The
findings of Fuentes, et al. [5] showed differences in proximate composition, color, texture
(especially), fatty acids, and free amino acids between the farmed and wild sea bass.
O'Neill, et al. [6] did not observe differences in proximate composition between the farmed
and wild yellowtail fish. However, from a nutritional point of view, they suggested that
the wild yellowtail fish contained better fatty acid complexes and thus might have better
nutritional value. Cahu, et al. [7] claimed that the fish farmed under suitable conditions
was at least as beneficial in nutrients as wild fish. It can be seen that the influence of growth
environment (farm versus wild) on the nutritional composition of fish is controversial, and
further research is needed. The major nutritional composition of snakehead fish muscle
is water (74.65-79.95%), protein (17.63-20.03%), fat (0.10-1.24%), and ash (1.09-2.16%) [8].
The nutritional composition of snakehead fish muscle may be affected by factors such
as origin, food, growth environment, as well as fish size, species, farming time, and
processing [6,9-11].
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In recent years, fish soup has become an important product for commercial processing
of fish due to its health effects. The soup prepared from the snakehead fish can promote
the healing of wounds and burns [12]. Yuan, et al. [13] reported that snakehead soup had
an anti-fatigue effect. In recent years, according to the research results of Zhang, et al. [4],
snakehead soup also possessed antioxidant effects. The growth environment may affect the
muscle composition of snakehead fish [14], which in turn affects the nutritional composition
and functionality of the soup made from the snakehead fish. However, there is no report
on the effects of growth environment on the nutritional composition and functionality of
snakehead fish soup.

Therefore, the nutritional composition (including proximate composition, amino acid
composition, fatty acid composition, and mineral composition) and antioxidant ability of
the two soups prepared from the farmed and wild snakehead fish were comparatively
analyzed in this study, in order to provide a basis for the nutritional evaluation of the
snakehead fish.

2. Materials and Methods
2.1. Materials and Reagents

In this study, the farmed snakehead fish grew in the fish ponds in Guangzhou. It was
farmed alone in high density and fed regularly. The wild snakehead fish of single or very
little popularity (<5 tails per pond) grew in the fish ponds in Guangzhou with other farmed
fish, and hunted small trash fish, crabs, frogs, etc., for food. The morphology of the two
kinds of fish is shown in Figure S1. The comparison of the growth environment and food
nutrient composition is shown in Table S1. The length-to-height ratio and BMI (Body Mass
Index) were 4.74 and 5.20, respectively. For the wild snakehead fish, they were 5.81 and
4.24, respectively. Approximate 15 kg raw fish each was taken for the study.

Refined cooking salt (China Salt Industry Group Co., Beijing, China) and peanut
oil (Shandong Luhua Group Co., Shandong, China) are commercially available. Copper
sulfate, potassium sulfate, concentrated sulfuric acid, sodium hydroxide, hydrochloric
acid, ethanol, petroleum ether, zinc acetate, concentrated nitric acid, 1,10-phenanthroline
monohydrate, ferrous sulfate, Trichloroacetic acid (TCA), L-leucine (L-Leu), bovine serum
albumin (BSA) and other reagents were purchased from China National Pharmaceutical
Co., Ltd. (Beijing, China). 1,1-Diphenyl-2-picrylhydrazine (DPPH), mixed standard of
35 fatty acids was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Snakehead Fish Soup

We adopted a traditional method to prepare snakehead soup (according to the method
of Zhang, et al. [15]), with some improvements. Fresh fish meat (about 700 g) with head
and bones were washed with tap water, and then the water was drained off. Luhua peanut
oil (3% of the weight of the fish) was added into an iron pot and heated by an induction
cooker (RT2134, Midea group, Foshan, China). After boiling, the fish meat was added into
to the pan and stir-fried until golden brown. Water (3 times the weight of fish) was poured
into the pan. The mixture was heated up to boiling temperature under 2100 W power, and
kept boiling for 15 min. Foam in the surface was removed during the process. After the
pan was covered by a lid, the mixture was heated under mild power (300 W) for 30 min.
Salt (1.2% of the weight of the fish) was added right before turning the induction cooker off.
The fish soup was separated by filtering through single layer cheese cloth.

With reference to the method of Guo, et al. [16], snakehead fish soup was dried in a
pilot-scale vacuum freeze dryer (102241, Martin Christ, Osterode, Germany). The dryer was
equipped with 10 stainless steel pans (50 cm diameter). The wild and farmed snakehead
soup were transferred to plates, cooled to room temperature, and then frozen at —18 °C.
The frozen fish soup was dried under the conditions of shelf temperature at 20 °C and
a vacuum of 338 Pa for 4 h, followed by drying at —5 °C for 6 h, to remove most of the
water. After adjusting the temperature and vacuum to —1 °C and 338 Pa, respectively,
the fish soup was further dried for 10 h. The dried snakehead fish soup was pulverized
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into powder, placed in a plastic bag, vacuum-packed, and stored in a desiccator at room
temperature. The preparation of snakehead soup powder was repeated twice. The yield of
soup powder made from farmed snakehead was about 14.97%, and that of wild snakehead
12.12%.

2.3. Proximate Composition

The moisture content of the samples was determined by drying the samples in an
oven at 105 °C for 4-6 h [17]. Crude protein was determined by Kjeldahl method [17,18].
During the analysis, an automatic Kjeldahl analyzer (K9840, Haineng, Shandong, China)
was used, and a factor of 6.25 was used to convert nitrogen content to protein content.
Ash was determined by incinerating the sample in a muffle furnace (BF51794C-1, Thermo
Scientific, Waltham, MA, USA) at 550 °C for 18 h [19]. Crude fat was extracted according to
the method of Bukhanko, et al. [20].

The free amino acid content was determined with reference to the method of Bor-
dons [21] with minor modifications. The lyophilized powders of wild and farmed snake-
head soup were weighed and dissolved in distilled water to constant volume. The soup was
put in a centrifuge tube. Two milliliters of 10% TCA solution was added to precipitate the
protein for 10 min. Then, the sample was centrifuged at 4000 r/min for 15 min. Finally, the
supernatant was diluted by 15 times. The absorbance was measured at 570 nm using a spec-
trophotometer (UV-1750, Shimadzu, Kyoto, Japan) using a ninhydrin colorimetric method.

The determination of TCA-soluble peptide content was performed with reference to
the method of Rawdkuen, et al. [22]. About 0.5 g of fish broth freeze-dried powder was
mixed in 18 mL of 5% TCA solution, homogenized at 11,000 r/min for 2 min, then kept
at 4 °C for 1 h after homogenization, and then centrifuged at 8500 r/min for 5 min. The
supernatant was assayed for TCA-soluble peptide concentration by Lowry’s method [23].

2.4. Total Amino Acid Composition Analysis

Referring to the method of Fuentes, et al. [5], the amino acid composition was deter-
mined by HPLC method. The sample was weighed into a hydrolysis tube for hydrolyzing.
After this step, it was taken out and cooled. Then it was transferred to a colorimetric tube
to constant volume and put it in a vacuum drying oven for drying. The centrifuge tube was
filled with nitrogen, then reagents were added to derivatize at room temperature. Mobile
phase was added and mixed well. The processed sample was passed through the filter
membrane and entered the instrument (1525 + 717 + 2998PDA + RI, Waters, MA, USA) for
analysis. The amino acid content was calculated according to the following formula

cxV
T m

X

X: the content of amino acids in the sample, in mg/ kg; m: the sample weight, in g; V:
the constant volume of the sample after hydrolysis, in mL; c: the calculated concentration
of each amino acid on the standard curve, in ug/ mL.

Amino acid score (AAS), chemical score (CS) and the Essential Amino Acid Index
(EAAI) were calculated by the following equations.

Sample amino acid content/ %

AAS =
S Content of the same amino acid in the FAO/WHO scoring standard model/%

S — Sample amino acid content/ %
~ Identical Amino Acid Content in Whole Egg Protein/%

EAAIQ/lOOaX oo o 100
ae be je
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Among them, n is the number of essential amino acids compared; a, b ... j are the
essential amino acid content of the protein /%; ae, be ... je is the essential amino acid
content of whole egg protein /%.

2.5. Fatty Acid Composition Analysis

Referring to the method of Zhang, et al. [24], the fatty acid composition was determined
by GC-MS method. An appropriate amount of the sample was weighed. Pyrogallic acid
(100 mg), 95% ethanol (2 mL) hydrochloric acid (10 mL), and zeolite were added to the
flask with the sample. Then the flask was soaked in water at 70~80 °C for 40 min.

After hydrolysis, 95% ethanol (10 mL) was added to the sample, and 50 mL diethyl
ether petroleum ether mixture and hydrolysate were merged into a separating funnel. After
shaking and standing still, the ether layer extract was collected. The above steps were
repeated 3 times. Finally, it was collected into a flask of constant weight. The flask was
dried in a water bath and then dried at 100 °C £ 5 °C for 2 h.

The extracted fat was subjected to fat saponification and fatty acid methylation. The
processed sample was passed through the filter membrane (0.45 um) and entered the
instrument (Trace1310 ISQ, Thermo Scientific, Waltham, MA, USA) for analysis.

Chromatographic column: TG-5MS (30 m x 0.25 mm X 0.25 um); heating procedure:
keep at 80 °C for 1min, then rise to 200 °C at the rate of 10 °C /min, continue to rise to
250 °C at the rate of 5 °C /min, and finally rise to 270 °C at the rate of 2 °C /min, and keep
for 3 min; inlet temperature: 290 °C; carrier gas flow rate: 1.2 mL/min; mass spectrometry
conditions: ion source temperature: 280 °C, transmission line temperature: 280 °C, solvent
delay time: 5 min, scanning range: 30~400 amu, ion source: EI source 70 eV.

2.6. Mineral Element Composition Analysis

With reference to the method of Leme, et al. [25], the mineral composition was de-
termined by the ICP-MS method. An appropriate amount of sample was weighed into
the digestion tank and then mixed with nitric acid. After the reaction, it was put into
a microwave digestion apparatus for digestion. After the temperature was cooled, the
digestion tank was taken out and put in a fume hood. Then the digestion tank was opened,
and it was diluted with ultrapure water to a certain concentration. The blank control was
treated in the same way. Samples were tested on an ICP-MS instrument iCAPQ, Thermo
Scientific, Waltham, MA, USA).

2.7. Measurement of Antioxidant Ability
2.7.1. DPPH Radical-Scavenging Ability

Measurement of DPPH radical-scavenging ability was carried out referring to the
method of Zhang, et al. [24]. Fish soup powder was weighed and dissolved in distilled
water and diluted. Then it was transferred into a centrifuge tube and centrifuged. A 4.0 mL
supernatant was mixed with 1.0 mL DPPH solution (0.1 mmol/L in 95% ethanol). The
mixture was shaken and left for 30 min at room temperature, and the absorbance of the
resulting solution was measured at 517 nm using a spectrophotometer (UV-1750, Shimadzu,
Kyoto, Japan). Distilled water was used as the control group instead of the sample, and
ethanol was used as the blank group. The DPPH radical-scavenging ability was calculated
according to the following formula.

DPPH Radical-Scavenging (%) = [(OD; — (OD; — OD3))/OD;4] * 100

Among them, OD;, OD,, and ODj3 represent the absorbance values of the control
group, sample group and blank group, respectively.

2.7.2. Fe?* Chelating Ability

We referred to the method of Zhang, et al. [24] for the determination of Fe?* chelating
ability with some modifications. Fish soup powder sample was weighed and dissolved in
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distilled water and diluted. Then it was transferred into a centrifuge tube and centrifuged.
The supernatant (1 mL) was mixed with 3.85 mL of distilled water, ferrous chloride (0.05 mL,
2 mmol/L) and ferrozine (0.1 mL, 5 mmol/L). After vigorous mixing, the solution was
left to stand at room temperature for 20 min, and the absorbance of the resulting solution
was measured at 562 nm with a spectrophotometer (UV-1750, Shimadzu, Kyoto, Japan).
The samples and chemical reagents were replaced by distilled water as the control and
blank groups, respectively. The Fe?* chelating ability was calculated according to the
following formula.

Fe?* Chelating (%) = [(OD; — (OD, — ODj3))/OD;] % 100

Among them, OD;, OD; and ODj represent the absorbance values of the control
group, the sample group, and the blank group, respectively.

2.7.3. Hydroxyl Radical-Scavenging Ability

It was referred to the method of Zhang, et al. [24] with some modifications. Fish
soup powder sample was weighed and dissolved in distilled water and diluted. Then it
was transferred into a centrifuge tube and centrifuged. The supernatant (2 mL) mixed
with 0.75 mM 1,10-phenanthroline (2 mL), 0.75 mM FeSOy (2 mL), and 0.2 M phosphate
buffer (pH = 7.4, 2 mL). Then 0.12% H,O, (1 mL) solution was added to the mixture and
incubated at 37 °C for 1 h, and the absorbance of the resulting solution was measured
at 536 nm with a spectrophotometer (UV-1750, Shimadzu, Kyoto, Japan). Control group
1 consisted of the same solution as the sample group, except that equivalent deionized
water was used instead of the sample solution; control group 2 was based on control group
1 by replacing H,O, with distilled water. The composition of the blank group was the same
as that of the sample group, except that equivalent deionized water was used instead of
1,10-phenanthroline monohydrate and FeSO, solution. The hydroxyl radical-scavenging
ability was calculated according to the following formula.

Hydroxyl Radical-Scavenging (%) = (ODs — OD}, — OD;)/(OD, — ODy) * 100%

Among them, ODs, ODy,, OD; and OD; represent the absorbance of the sample group,
blank group, control group 1 and control group 2, respectively.

2.8. Statistical Analysis

The experimental data were expressed as mean + standard deviation (mean =+ SD).
Multiple comparison analysis was performed using SPSS 26.0. Each index was repeated
three times, and the minerals were repeated two times.

3. Results
3.1. Proximate Composition

It can be seen from Table 1 that the proximate composition of moisture, protein, fat,
ash, free amino acids, and soluble peptides in the farmed snakehead fish soup (wet base)
were 95.01%, 2.55%, 0.89%, 0.92%, 0.47%, and 0.62%, respectively. Zhu, et al. [26] reported
that the proximate composition of protein, fat, ash in snakehead fish soup were 0.5-0.9%,
0.6%, and 1.4%, respectively. With respect to the soup prepared by Zhu, et al. [26], the
ash content of the snakehead fish soup in this study (Table 1) was relatively lower, but
the crude protein and crude fat content were relatively higher. Compared with the soup
making method by Zhu, et al. [26], the heating power used in this study is stronger, and
therefore the protein and fat were more easily dissolved from the fish meat into the soup.
Zhu, et al. [26] chosen a fish to water mass ratio of 1:6 to make soup. The fish to water mass
ratio (1:3) was smaller in our study (Method 2.2). The study of Xu [27] showed that when
the fish-water mass ratio was 1:4, the protein concentration was the highest in the soup;
when the ratio was 1:10, the concentration was the lowest. This was because a large amount
of water diluted the concentration of dissolved protein. Therefore, the fish soup prepared
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in our study (Table 1) contained more protein and crude fat. Zhu, et al. [26] used the fish
head as the raw material to make fish soup. We used the descaled and gutted snakehead
fish as the raw material to make fish soup. The fish head contains higher ash content. As a
result, the ash content of our soup was much lower.

Table 1. Proximate composition of soup made from farmed and wild snakehead fish.

Farmed Snakehead Wild Snakehead
Composition Fish Soup Fish Soup
Wet Base Dry Base Wet Base Dry Base
Moisture 95.01 +£0.322 - 95.96 £+ 0.90 2 -
Crude fat 0.89 +£0.092 17.86 +1.822 0.79 +0.032 19.65 +£ 2422
Crude protein 2.55+0.082 51.20 £ 1.622 1.90 +0.01° 47.03 £ 0.36°
Crude ash 092 +£0.122 1841 +£2.472 0.71+0.112 17.66 +2.80?
Free amino acids 0.47 £0.052 9.49 +0.992 0.30 £0.03° 7.30 £0.742
Soluble peptide 0.62 +0.042 1247 +£0.742 0.47 +0.082 11.69 +£1.932

Note: Proximate composition is expressed as %. Mean + SD (standard deviation) from three replicates. Different
lowercase letters in the same line indicate significant differences in composition between soup made from farmed
and wild snakehead fish (p < 0.05).

In China, in addition to snakehead fish, crucian carp, bighead carp, etc. are also
freshwater fish commonly used in making soups. According to the reports of Xia and
Xu [28] and Xu [27], the protein, fat, and ash in the crucian carp (Carassius auratus) soup
and bighead carp (Aristichthys nobilis) soup (wet base) were in the range of 0.70%~1.11%,
0.70%~1.11% and 1.2%~1.6%, respectively. By comparing with the basic nutrients of the
fish soups mentioned above, it might be concluded that the snakehead fish soup possesses
the characteristic of high protein and fat contents, but low content of ash.

The proximate composition of moisture, protein, fat, ash, free amino acids, and soluble
peptides in the wild snakehead fish soup (wet base) were 95.96%, 1.90%, 0.79%, 0.71%,
0.30%, and 0.47%, respectively. Compared with the farmed snakehead soup, its crude
fat, crude ash, free amino acid, and soluble peptide content were slightly lower (p > 0.05);
but crude protein content was significantly lower (p < 0.05). The total amount of protein
and its degradation products in the farmed snakehead soup was higher than that of wild
snakehead soup. It might be related to the relatively higher protein content in the muscle of
farmed snakehead [14]. Yin, et al. [29] and O’Neill, et al. [6] and Cahu, et al. [7] reported that
the mass fractions of protein and fat in muscles of fish in different growth environments
varied greatly. The nutritional content of fish is closely related to its living environment
(farmed or wild growth), feed composition, and growth period (larvae or adults, etc.).
The fat content of feed for farmed snakehead fish is higher than that in the food of wild
snakehead fish (Table S1). Increasing the fat level in the feed could increase the energy of
farmed snakehead fish, which might reduce the energy supply proportion of protein and
thus increase the protein content in fish meat [30]. As a result, the protein content of the
soup made from the farmed snakehead fish was higher.

3.2. Total Amino Acid Composition

It can be seen from Table 2 that the amino acid of the highest content in the farmed
snakehead soup (dry base) is glycine (82.56 mg/g, 21.16%), followed by arginine (42.79 mg/g,
10.97%), alanine (39.13 mg/g, 10.03%), proline (39.05 mg/g, 10.01%) and glutamic acid
(36.20 mg/g, 9.28%), the lowest content was tyrosine (3.81 mg/g, 0.98%). Correspondingly,
the content of glycine in farmed snakehead soup (wet base) was 4.12 mg/g, followed by
arginine 2.13 mg/g, alanine 1.95 mg/g, proline 1.95 mg/g and glutamic acid 1.81 mg/ g, the
lowest content was tyrosine 0.19 mg/g. Zhu, et al. [26] reported that the highest content of
snakehead soup (wet base) was glycine (2.011 mg/g), which was consistent with our result.

26



Foods 2022, 11, 3294

Table 2. Amino acid composition of soup made from farmed and wild snakehead fish.

Farmed Snakehead Wild Snakehead
Amino Acids Fish Soup Fish Soup
mg/g % mg/g %
Aspartic acid 1720 + 6.342 4.41 19.50 +5.492 5.43
Glutamic acid 36.20 + 10.03 2 9.28 36.80 £8.062 10.25
Serine 14.25 +1.682 3.65 13.61 +£1.182 3.79
Glycine 82.56 £1.532 21.16 7641 + 1.44° 21.29
Histidine 748 £0972 1.92 6.78 £0.86 2 1.89
Arginine 4279 +7.102 10.97 33.77 £ 2.66 2 9.41
Threonine * 14.59 +£0.96 2 3.74 13.93 £ 0.56 2 3.88
Alanine 39.13 £ 0452 10.03 3474+ 021" 9.68
Proline 39.05 +3.042 10.01 34.30 +£3.012 9.55
Tyrosine * 3.81+0.022 0.98 3.64 +0.05° 1.01
Valine * 1098 £ 0.152 2.81 10.07 + 0.14 " 2.80
Methionine * 792 +0322 2.03 7.58 +£0.302 211
Cysteine - - - -
Isoleucine * 8.68 +0.402 2.22 798 £0.112 2.22
Leucine * 19.36 £ 0.74 2 4.96 18.28 +0.09 2 5.09
Phenylalanine * 1595 +0.822 4.09 14.35 +0.40° 4.00
Lysine * 30.15+ 0972 7.73 27.23 +0.60 P 7.59
TAA 390.11 £10.38 2 100% 358.97 £ 15922 100%
EAA 107.63 +£3.712 27.59% 99.42 +£0.322 27.70%
NEAA 282.48 +14.08 2 72.41% 259.55 + 15922 72.30%
E/N 38.10% 38.31%
Mean =+ SD (standard deviation) from two replicates. * indicates essential amino acids. “-” indicates that the

amino acid is not detected. TAA indicates total amino acids, EAA essential amino acids, NEAA non-essential
amino acids, E/N the ratio of essential amino acids to non-essential amino acids. Different lowercase letters in the
same line indicate significant differences in the amino acid content between soup made from farmed and wild
snakehead fish (p < 0.05).

The total amino acid content of the farmed snakehead soup (dry base) was 390.11 mg/g,
and the corresponding total amino acid content in wet basis was 19.46 mg/g. The lysine
content of the farmed snakehead soup (dry base) was 30.15 mg/g, the corresponding wet
basis content was 1.50 mg/g, and the percentage was 7.73%. Zhu, et al. (2017) reported that
the total amino acid content of snakehead fish soup was 10.177 mg/g, the lysine content
was 0.635 mg/g, and the percentage was 6.24%. Compared with the snakehead fish soup
reported by Zhu, et al. [26], the total amino acid content and lysine content of the farmed
snakehead soup in our study (Table 2) were significantly higher, which were the same as
the differences in free amino acids in the proximate composition (Table 1).

Zhang, et al. [31] reported that the total amino acid content of crucian carp soup was
0.66-0.70 mg/g. The essential amino acid content of the soup in this study (Table 2) was
107.63 mg/g, and the corresponding wet basis content was 5.37 mg/g, accounting for
27.59%. The essential amino acid content of crucian carp soup reported by Zhang, et al. [31]
was 24.97% to 25.85%. The total amino acid and essential amino acid content of snakehead
fish soup in this study were higher than those reported by Zhang, et al. [31] in crucian carp
soup. Therefore, compared with crucian carp soup, snakehead fish soup’s nutritional value
of amino acids was higher.

Compared with farmed snakehead fish soup, the content of serine, histidine, arginine,
threonine, proline, methionine, isoleucine, leucine, and phenylalanine in wild snakehead
soup was relatively lower (p > 0.05). The contents of aspartic acid and glutamic acid
(p > 0.05) were relatively higher. The contents of glycine, alanine, tyrosine, valine and
lysine (p < 0.05) were significantly lower. In terms of percentages, except for aspartic acid,
glutamic acid, and arginine, there was no significant difference. The total amino acid
content (dry basis) of wild snakehead fish soup was 358.97 mg/g, which was slightly lower
than that of the farmed snakehead fish soup (p > 0.05). The result was consistent with the
protein content (Table 1). The essential amino acid content of wild snakehead soup was
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99.42 mg/g, the percentage was 27.70%. There was no significant difference between the
wild and farmed snakehead fish soup (p > 0.05). Zhao, et al. [32] reported that there was
no significant difference in the total amino acid content and composition of farmed and
wild snakehead fish meat, which was consistent with the results of this study. The results
of Table 2 showed that the growth environment had no significant effect on the total amino
acid content and composition of snakehead fish soup.

It can be seen from Table 3 that the AAS and CS of the lysine of the two kinds of
snakehead soup were greater than 1. Lysine is the first limiting amino acid of cereals, which
is the staple food of Asian people [33]. Eating fish soup and grains at the same time can
achieve nutritional balance. The AAS close to 1 were threonine, phenylalanine + tyrosine,
and leucine. Those below 1 were valine, isoleucine, methionine + cysteine, and the lowest
among them were valine and isoleucine, which were the first type of restrictive amino
acids. Compared with the farmed snakehead soup, except the AAS and CS of methionine +
cysteine were significantly higher (p < 0.05), the AAS and CS of essential amino acids in the
wild snakehead soup had no significant difference (p > 0.05).

Table 3. Scoring AAS, CS and EAAI of protein in soup made from farmed and wild snakehead fish.

. . FAO/WHO Amino Whole Egg Protein Farme.d Snakehead Wild. Snakehead
Amino Acid Acid Scoring Mode/% Fish Soup Fish Soup
Scoring Standard Model/% AAS Cs AAS Ccs
Threonine 4.00 498 09440092 07540072 097+0.082 078 + 0.062
Valine 5.00 7.42 056 +£0.022 038+0012 05640022 0380012
Isoleucine 4.00 6.60 056 +0.042 03440022 05640032 0340022
Leucine 7.00 8.80 071+£0.042 056+0042 0.73+0032 0580022
Lysine 5.50 6.40 141+£0082 1214007 13840042 11940032
M‘ét;;?;g‘: * 3.50 5.48 0584001 0374001 06040002 0390002
Phe}‘;’i?;ﬂ;“e * 6.00 10.08 08540062 050+0032 08440052 050+ 0032
Tryptophan 1.00 1.70 - - - -
Total 36.00 51.46
EAAI 53.25 53.76

“_n

Note: AAS indicates amino acid scores, CS chemical scores, EAAI essential amino acid indices. “-” indicates the
amino acid was not detected. Different lowercase letters in the same line indicate significant differences in amino
acid scores and chemical scores between soup made from farmed and wild snakehead fish (p < 0.05).

3.3. Fatty Acid Composition

The GC-MS chromatogram of fatty acid analysis is shown in Figure S2, and the
calculated individual fatty acid content is in Table 4. It can be seen from Table 4 that a
total of 25 kinds of fatty acids were detected in the farmed snakehead soup, including
20 kinds of saturated fatty acids (SFA), 5 kinds of monounsaturated acids (MUFA) and
8 kinds of polyunsaturated acids (PUFA). The highest content was C18:1n9¢, which was
5.29 g/100 g. The relatively low content was C15:0, C17:0, C18:3n6, C21:0, C20:2, C20:3n6,
C20:3n3, C22:1n9, C20:4n6, C23:0, C22:2, C20:5n3 and C24:1. Their content was in the range
of 0.01~0.06 g/100 g. The content of EPA+DHA was 0.24 g/ 100 g, accounting for 1.77%.
The total amount of MUFA was 5.78 g/100 g, accounting for 42.33%. The total amount of
n-6 PUFA and n-3 PUFA were 3.50 g/100 g and 0.41 g/100 g, respectively, and the total
proportion were 25.67% and 2.98%, respectively.
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Table 4. Fatty acid composition in soup made from farmed and wild snakehead fish.

Farmed Snakehead Wild Snakehead
Fatty Acids Fish Soup Fish Soup
g/lOO g % g/100 g %
C8:0 - - - -
C10:0 - - - -
C11:0 - - - -
C12:0 - - - -
C13:0 - - - -
C14:0 0.12 £0.022 0.85 0.11 +0.092 0.65
Cl14:1 - - - -
C15:0 0.02 +0.002 0.13 0.024+0.012 0.11
C15:1 - - - -
C16:0 246 +0.132 18.00 2.88 +0.382 17.75
Cl6:1 0.23 +£0.032 1.66 0.224+0.082 1.38
C17:0 0.03 £0.012 0.23 0.03 £0.012 0.18
C17:1 - - - -
C18:0 0.76 £0.01° 5.58 1.00 £0.052 6.16
C18:1n9t - - - -
C18:1n9¢ 529 +0.15° 38.77 6.44 +£0.10° 39.69
C18:2n6t - - - -
C18:2n6¢ 341+0.182 24.98 3.67+£0.282 22.64
C20:0 0.16 £0.022 1.16 0.19 £0.002 117
C18:3n6 0.03+0.002 0.20 0.03+0.012 0.17
C18:3n3 0.15+0.002 1.07 0.07 £0.032 0.42
C20:1 020+ 0.022 1.49 0.19 £0.042 1.15
C21:0 0.01 £0.002 0.04 0.01 £0.002 0.03
C20:2 0.06 £0.002 0.44 0.05+0.012 0.29
C22:0 023 +0.062 1.69 0.30 £0.032 1.83
C20:3n6 0.02 4+ 0.00° 0.17 0.04 £0.002 0.24
C20:3n3 0.019 £ 0.000 2 0.14 0.003 + 0.000 P 0.02
C22:1n9 0.04 £0.012 0.32 0.31 £0.182 1.93
C20:4n6 0.04 £0.022 0.32 0.13+0.152 0.80
C23:0 0.01 £0.002 0.04 0.01 £0.002 0.05
C22:2 0.01 +0.002 0.07 - -
C20:5n3 0.04 +£0.012 0.27 0.08 £0.10° 047
C24:0 0.11 +£0.032 0.80 0.14 +0.012 0.87
C24:1 0.01 +£0.002 0.09 0.01 £0.00° 0.05
C22:6n3 0.21 +£0.052 1.50 0.314+0.392 1.93
Total fatty acid 13.64 4+ 0.04 ° 16.22 +£0.732
EPA+DHA 0.24 +£0.06 2 1.77 0.39 0492 2.39
Y SATD 3.89+0.01° 28.52 4.67 £049° 28.82
Y MUFA 5.78 +0.14° 42.33 717 £0.162 44.20
Y PUFAw6 350+ 0.162 25.67 3.87+0.132 23.85
Y PUFAw3 0.41 £0.052 2.98 0.46 +0.522 2.84

Mean =+ SD (standard deviation) from three replicates. EPA indicates eicosapntemacnioc acid, DHA docosahex-
aenoic acid, SATD saturated fatty acid, MUFA monounsaturated fatty acid, PUFAw6 omega 6 polyunsaturated
fatty acids, PUFAw3 omega 3 polyunsaturated fatty acids. “-” indicates the fatty acid was not detected. Different
lowercase letters in the same line indicate significant differences in the fatty acid content soup made from farmed
and wild snakehead fish (p < 0.05).

Twenty-four kinds of fatty acids were detected in wild snakehead soup. Compared
with the fatty acids detected in farmed snakehead soup, the undetected fatty acid was C22:2.
The contents of C18:0, C18:1n9¢ and C20:3n6 in wild snakehead soup were significantly
higher than those in farmed snakehead soup (p < 0.05); while the contents of C20:3n3 and
C24:1 were significantly lower than those in farmed snakehead soup (p < 0.05). There was
no significant difference in other fatty acids content (p > 0.05). The total amount of fatty
acids in wild snakehead soup was 16.22 g/100 g, which was 1.19 times that of farmed
snakehead fish soup. The difference was the same as the fat content in dry basis (Table 1).

29



Foods 2022, 11, 3294

The absolute contents of EPA+DHA and Y MUFA In wild snakehead soup were
0.39 g/100 g and 7.17 g/100 g, respectively. The absolute content of EPA+DHA was higher
than that of farmed snakehead fish soup (p > 0.05), and the absolute content of MUFA was
significantly higher than that of farmed snakehead fish soup (p < 0.05). Compared with
farmed fish, wild fish usually contains higher levels of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Several studies have pointed out that the content of MUFA
in wild fish is higher [6]. The results of this study (Table 3) were consistent with the above
results. According to the reported research differences in diet and growth environment lead
to differences in the fatty acid composition of fish muscle between the wild and farmed
fish [6,34,35]. Farmed snakehead fish swims on the surface layer of fish ponds with high
temperature. However, the wild snakehead fish stay at the bottom layer of water with low
temperature and high activity. Studies have shown that the greater the depth, the more total
polyunsaturated fatty acids [36]. It was speculated that the different growth environment
might change the fatty acid composition of snakehead fish muscles, thereby resulting in
different fatty acid composition of the soups made from farmed and wild snakehead fish.

n-3 polyunsaturated fatty acids (n-3 PUFAs) have good anti-inflammatory proper-
ties [37]; some n-6 polyunsaturated fatty acids are required for normal human metabolism
and human health, while n-6 polyunsaturated fatty acids have pro-inflammatory activity
and play an important role in immune function [38]. Studies have shown that a lower n-6
PUFAs to n-3 PUFAs ratio is beneficial to human health [39,40]. The proportion of n-6 PU-
FAs to n-3 PUFAs in the diet of the population in developed countries is high (15:1-20:1) [40].
The ratio of n-6 polyunsaturated fatty acids and n-3 polyunsaturated fatty acids in the
farmed fish snakehead soup in this study is 8.61, and 8.40 in wild snakehead fish soup. The
results indicated that snakehead fish soup is a good source of polyunsaturated fatty acids.

3.4. Mineral Composition

Calcium is essential for the various basic physiological functions such as bone miner-
alization, blood coagulation, neuronal transmission, muscle contraction, and intracellular
signaling [41]; Iron is an important part of human hemoglobin, myoglobin, which are
involved in the transportation and storage of human oxygen and the synthesis of various
metalloenzymes [42]. Zinc deficiency can cause metabolic disorders and decreased immune
function, leading to bacterial, viral, and fungal infections, growth retardation, premature
and poor wound healing [42]. It can be seen from Table 4 that the contents of the four trace
elements Cu, Fe, Zn and Mn in the farmed snakehead soup were 0.55 mg/kg, 13.00 mg/kg,
9.04 mg/kg and 0.66 mg/kg, respectively, and the content of the major element Ca was
1.13 mg/g. Zhang, et al. [24] reported that the content of Ca, Zn, and Fe in snakehead
fish soup were 0.81 mg/kg, 0.25 mg/kg and 0.15 mg/kg, respectively, which were lower
than the mineral contents detected in this study. This might be due to the higher heating
power during the processing of snakehead soup in this study, which was beneficial to the
dissolution of minerals. At the same time, the choice of pot and boiling water may have
a great impact on the mineral content. Tang, et al. [43] reported that the Ca, Fe and Zn
contents in crucian carp soup were 0.08 mg/g, 1.41 mg/kg and 4.81 mg/kg, respectively.
Through the comparative analysis with the above experimental results, it can be seen that
the mineral content of the snakehead fish soup was high. Experience and experiments have
proved that the snakehead fish soup has the effects of promoting wound healing [12,13].
Some scholars infer that the high Zn content in snakehead soup is one of the main factors
for its outstanding wound-healing effect [13].

Compared with farmed snakehead soup, the contents of Cu, Fe, Mn, and Ca in wild
snakehead soup were 0.43 mg/kg, 11.00 mg/kg, 0.32 mg/kg and 0.83 mg/g respectively,
which were all significantly lower (p < 0.05). However, the Zn content was significantly
higher (p < 0.05). O’Neill, et al. [6] showed that compared with farmed yellowtail, the
Ca content of wild yellowtail was significantly lower (p < 0.05) but the Zn content was
significantly higher (p < 0.05). Their findings were consistent with this study (Table 5).

30



Foods 2022, 11, 3294

Table 5. Mineral composition of soup made from farmed and wild snakehead fish.

Minerals Farmed Snakehead Wild Snakehead
Fish Soup Fish Soup
Cu* (mg/kg) 0.55+0.00? 0.43 +0.02°
Fe * (mg/kg) 13.00 £0.08 * 11.00 + 0.57 b
Zn *(mg/kg) 9.04 +0.14° 12.57 £0.53 2
Mn *(mg/kg) 0.66 £+ 0.00 2 0.32+0.02°
Ca (mg/g) 1.13 +0.032 0.83 +0.02°

* indicates trace elements. Mean 4 SD (standard deviation) from two replicates. Different lowercase letters in

the same line indicate significant differences in the mineral content between soup made from farmed and wild
snakehead fish (p < 0.05).

3.5. Antioxidant Ability

The wound repair process can induce cellular oxidative stress and generate various
free radicals. In turn, the oxidative stress may seriously interfere with wound healing
through skin damage, neuropathy, and local infection [44,45]. The anti-oxidative ability of
snakehead soup mainly comes from antioxidant peptides [46], which can reduce oxidative
stress by scavenging reactive oxygen species and chelating transition metals, thereby
accelerating wound healing [47].

The antioxidant ability of soup made from farmed and wild snakehead fish was
shown in Figure 1. The DPPH radical-scavenging ability of the farmed snakehead soup
was 57.89%, the hydroxyl radical-scavenging ability was 25.61%, and the Fe2* chelating
ability was 21.21%. Zhang, et al. [24] reported that the DPPH radical-scavenging ability
of snakehead soup was 75%, the hydroxyl radical-scavenging ability was 26%, and the
Fe?* chelating ability was 26%. The research results of Zhang, et al. [24] showed that the
DPPH radical-scavenging ability was 1.3 times that of farmed snakehead soup in this
study, and the hydroxyl radical scavenging ability and Fe?* chelating ability were slightly
lower. The lower antioxidant capacity of the fish soup in this study might be due to the
fact that the heating power of the fish soup in this subject was higher, so the biologically
active substances in the fish soup might be decomposed, resulting in lower antioxidant
capacity [48].

I farmed snakehead soup
I wild snakehead soup

on =2
=] <
L L

g
-
1

Antioxidant capacity (%)

FeC DPPHS HRS
Antioxidant index

Figure 1. Antioxidant ability of soup made from farmed and wild snakehead fish. FeC: Fe2+ chelat-
ing ability, DPPHS: DPPH scavenging ability, HRS: hydroxyl radical scavenging ability. Different
lowercase letters indicate significant difference in antioxidant capacity between the soup made from
farmed and wild snakehead fish (p < 0.05).
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The DPPH radical-scavenging ability of wild snakehead soup was 56.90%, the hy-
droxyl radical-scavenging ability was 22.54%, and the Fe?* chelating ability was 23.36%.
There was no significant difference in Fe?* chelation ability and DPPH radical-scavenging
ability of wild snakehead soup (p > 0.05), while the hydroxyl radical-scavenging ability
was slightly lower (p < 0.05). The results showed that there was no obvious difference in
the antioxidant capacity of the two soups.

4. Conclusions

Snakehead fish soup was rich in protein, lysine, and trace element Zn, and has high
antioxidant activity. There was no obvious difference in the nutritional composition and
antioxidant activity of soup made from snakehead fish in different growth environments.
However, the crude protein content of farmed snakehead soup was higher, while the total
fatty acid, MUFA and Zn content of wild snakehead soup were significantly higher, which
may be related to the differences in food and environment. Further research is needed on
the effect of growth environment on the health effects of snakehead fish soup, especially
the functionality of wound healing.
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fish soup; Table S1: Food nutritional composition and growth environment of farmed and wild
snakehead fish [49-59].
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Abstract: The catfish processors in the US are required to state the maximum percentage of retained
water content (RWC) on the product label. The objectives of our study were to quantify the RWC of
processed hybrid catfish fillets from proximate composition and the bacterial load at different pro-
cessing points. Water content was determined using oven-dry (AOAC950.46,1990) and Near-infrared
(NIR) spectroscopy. Protein and fat content were determined by NIR spectrometer. Psychrotrophic
(PPC) and Total Coliform (TCC) counts were enumerated using 3MPetrifilm™. The fillets’ overall
baseline water, protein, and fat content were 77.8, 16.7 and 5.7%, respectively. The RWC of final fresh
and frozen fillets were ~1.1=/- 2.0% (not significant) and ~4.5%, respectively, and was not fillet size
or harvest season dependent. Baseline water content (78.0 vs. 76.0%) was higher (p < 0.05), and fat
content (6.0% vs. 8.0%) was lower (p < 0.05) for small (50-150 g) compared to large fillets (150-450 g).
Higher (p < 0.05) baseline PPC (~4.2 vs. ~3.0) and TCC (~3.4 vs. ~1.7) were observed for the warm
season (April-July) fillets compared to the cold season (Feb—April). This study provides information
to processors and others on estimating retained water and microbiological quality of the hybrid
catfish fillets over the process line.

Keywords: retained water; catfish; proximate composition; water content; processing; bacterial load

1. Introduction

Farm-raised catfish is a significant commercial food commodity in the United States,
contributing around $4 billion to the US economy each year [1,2]. The commercial catfish
processors produce the hybrid catfish for greater fillet yield [3,4]. Catfish growers directly
sell food-size (0.3 to 1.5 kg) fish to processors who process them into whole fish, dressed
fish, fillets, fillet strips, nuggets, and steaks [2]. These products are usually sold as either
iced, frozen, battered, breaded, or fresh [5,6]. The United States Department of Agriculture-
Food Safety Inspection Service (USDA-FSIS) started inspecting Siluriformes including
catfish in September 2017 [7]. Fresh or fresh-frozen packages of catfish or parts must be
labeled to reflect 100% net weight after thawing. Processors must state the maximum
percentage of retained water (if any) on the product label [8]. The USDA-FSIS adopted
existing meat and poultry net weight and retained water regulations (9 CFR Parts 381 and
441) for Siluriformes’ products (USDA, 2001) without modification. A significant number
of studies reported that poultry carcasses retained 4 to 11% water after immersion chilling
which may be different from catfish retained water [9-12]. Arbitrary adoption of poultry
retained water regulations in the Siluriformes industry could be misleading. A data gap
exists in estimating catfish retained water during and after processing. One of our goals
of this study is to estimate the fresh and processed catfish (final product) retained water
for filling out the existing data gap. The catfish industry also needs to identify the key
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variables that affect the water uptake or loss in catfish products during or after processing,
which may contribute to better process control.

During commercial processing, a chilling procedure may contribute to ‘added water” in
the final product. The added water could be determined using catfish muscle water-protein
ratio as protein content typically remains constant with the process steps [13-15]. Water
content has an inverse relationship with fat content of fish [15-17]. This relationship could
be used to predict the water content from fat or protein content of the processed catfish [11].
However, proximate composition of fish differs from species to species, individual to
individual, considering size, sex, season, feeding, and processing stress [18-21]. Many
studies have reported channel catfish baseline proximate composition [22-24], while data
for hybrid catfish proximate composition in the process lines are scarce.

In a fish processing facility, indicator bacterial counts could reveal temperature abuse,
cross-contamination, and mishandling during processing [21,25]. However, catfish’s bacte-
rial counts (APC, PPC, TCC, and E. coli) differ with harvesting season, size of the processing
plant, and processing methods [26,27]. Although some studies [26—-29] reported bacterial
load in the different process steps for channel catfish (Ictalurus punctatus) fillets; data for
hybrid catfish fillets bacterial load are insufficient to control the existing catfish processing
lines. The experimental data from our study will help identify the critical process steps for
controlling the bacterial load in catfish fillets.

This study aimed to quantify the retained water content from the estimated proximate
composition of hybrid catfish fillets and the bacterial load at different process steps. The
purpose of determining the proximate composition and bacterial load at each process step
was to identify the critical process step where fillets uptake the highest amount of the
water content and had the highest bacterial load. Because the baseline water (natural or as
received in the plant) content dictates the amount of retained water with each process step,
fillet sizes and harvesting seasons were included to observe any impact of these parameters
on the fillet’s water content and bacterial load as received. The natural composition,
especially water content of catfish products before and during processing, can provide
information to processors and inspection authorities regarding regulatory compliance and
labeling requirements.

2. Materials and Methods
2.1. Sample Collection and Treatment

A total of 228 hybrid catfish [Blue (Ictalurus furcatus) x Channel (Ictalurus punctatus)]
fillets were collected from two local catfish processing plants in Mississippi between
February to April and May to July 2018. Three fillet samples (one for microbiological
analysis and two for proximate analysis) of two sizes (small: 50 g to 150 g and large: 150 g
to 450 g) from seven process steps; Fillets before trimming (BT): assumed to have similar
proximate composition as received fish in the processing plant, after trimming/before
water chilling (BC), after water chilling (AC), after ice slush chilling (AS), before ice packing
(BIP): fresh scalded fillets; fillets after injection (Al), and after freezing (AF) (Figure 1), were
randomly picked and placed into quart size Ziplock® bags (GreatValue™ Slide Zipper
7in’8 in). The temperature of the BT, BC, AC, AS, BIP, Al, and AF fillets during sampling
averaged 21 °C, 20.6 °C, 6.2 °C, 0 °C, 3.7 °C, 4.6 °C, and —2.6 °C, respectively. The sampled
catfish fillets were kept in an ice chest with ice and transported within 40 min to the Food
Safety and Processing Laboratory of the Department of Food Science, Nutrition and Health
Promotion at Mississippi State University. Microbiological analysis was performed within
six hours of sampling. Collected catfish fillets (placed in bags) kept in the ice chest covered
with ice were placed at 4 °C in a refrigerator (Isotemp Plus Laboratory Refrigerator, Fisher
Scientific, Pittsburg, PA, USA) for 22 to 24 h before proximate analysis.
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Figure 1. Typical process flow for catfish fillet showing sampling points.

2.2. Proximate Analysis

The weight and length of fillets were measured before proximate analysis. Ice glaze
of the frozen fillets was removed by spraying cold water and draining the water for
two minutes and immediately transferred to the refrigerator (4 °C) for further proximate
analysis (AOAC 963.18). The water content was measured following AOAC 950.46,1990
procedure. In brief, the whole fillet was homogenized with a food chopper (Black & Decker®
Handy Chopper Plus™, Towson, MD, USA) and transferred to a large (150"15 mm) Petri
dish (Falcon 35 1058 PetriDish Style Sterile, Oxnard, CA, USA). An aliquot of 5 g of
homogenized sample was evenly distributed into the weighing dish (Fisher Scientific,
08732101, Houston, TX, USA). Dishes (with sample) were weighed and dried at 105 £ 2 °C
in an ISOTEM OVEN 300 (300 series Model 318, Fisher Scientific, Houston, TX, USA) for
5 &£ 2 h or until a constant weight was achieved and were placed in a desiccator (Sanplatec
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Corporation, Japan) for 15 £ 5 min to cool after drying. Water content was calculated on a

wet basis as follows:
(W2 — W3) %100

Water content = W2 — Wi

1
where,
W1 = weight of dish (without sample)
W2 = weight of dish (with sample) before drying
W3 = weight of dish (with sample) after drying
Proximate composition (protein, fat, collagen, and water content) of the fish fillets was

analyzed on a wet basis using a Near-infrared (NIR) spectrometer (Food Scan Lab Analyzer
Model 78,800, Foss Analytical, Eden Prairie, MN, USA).

2.3. Retained Water Calculation

A significant correlation (r = 0.90, p < 0.05) was obtained between water determined
by NIR and the oven method. To establish a prediction model, water content determined
by NIR was fitted using simple linear regression. The water-protein ratio (wet basis) was
calculated as follows

Fitted water content

Water — protein ratio (M : P) = 2)

protein content determined by NIR
Retained water (%) was calculated based on the water retention/loss at each point of
the processing as follows:
Retained water (%) = water (%) at any process point (e.g., AC, BIP, AF)—Water (%) at
baseline (BT).

2.4. Microbiological Analysis

A 25 g fillet sample was aseptically cut with a sterile stainless-steel knife, weighed,
and placed in a stomacher bag (Nasco, Whirl-Pak, 19 x 30 cm: Fort Atkinson, WL, USA). A
225 mL of 0.1% sterilized buffer peptone water (BPW) solution (Difco, Detroit, MI, USA)
was added and stomached for two minutes in a laboratory blender stomacher 400 (A. J.
Seward and Co., Ltd., London, England). Dilutions were made by transferring 1 mL of
the homogenate into dilution tubes with 9 mL of 0.1% sterilized peptone solution. Plating
was conducted on aerobic (APC) count 3M™ Petrifilm (3M Co., St. Paul, MN, USA) in
duplicate, and these were incubated for 72 h at 20 £ 2 °C [27] for psychrotrophic counts
(PPC). E. coli plates were incubated for 24 to 48 h at 35 + 2 °C on 3M™ Petrifilm E. coli 3M
Co., St. Paul, MN, USA) in duplicate for the enumeration of E. coli and total coliform counts
(TCC) [26,30]. According to the manufacturer’s instructions, colonies were identified and
enumerated using 3M™ PetrifilmPlate Reader (3M Company, Technopath, St. Paul, MN,
USA). Selected plate counting was verified by the conventional (visual) counting method.

2.5. Experimental Design and Statistical Analysis

Data were arranged in a 2-way factorial [2 sizes of the fillets (small: 50 to 150 g;
large: 150 g to 450 g) x 7 process points] randomized complete block (RCB) design with
12 replications (blocks) based on the availability of the fillets from each process point [BT:
15 fillets (small = 7, large = 8); BC:16 fillets (small = 9, large = 6); AC = 10 fillets (small = 5,
large = 5); AS: 14 fillets (small = 8, large = 6); BIP: 9 (small = 3, large = 6); Al 9 fillets
(small = 5, large = 4); AF: 7 fillets (small = 3, large = 4)]. Data were unbalanced in the blocks
due to the unavailability of the fillets for some replications. The General Linear and mixed
Model procedure (PROC GLMMIX) of the Statistical Analysis System (SAS studio edition,
2020) was used to examine the interaction of sizes, process steps, and blocks. There was
no interaction found between size and process steps and between size, process steps and
blocks. Tukey’s honest significant difference (HSD) was used for the mean separation of the
measurements of the fillets (p < 0.05). Simple linear regression (SLR) and multiple linear
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regression (MLR) [31] models were used to calculate the correlation of the variables. All
Statistical analysis were performed using SAS universal edition (2020).

3. Results and Discussion
3.1. Proximate Composition and Microbial Load of the Hybrid Catfish Fillets by Fillet Size and
Harvesting Season

The proximate composition especially water content of the receiving fillets (BT fillets)
as well as microbial load dictates the final products” water retention and microbial quality
during catfish processing. However, initial proximate composition and bacterial load could
differ for different sizes of fillets and harvesting season. Our study estimated the initial
proximate composition and microbial load of hybrid catfish fillets and presented in Table 1.

Small-sized fillets had higher (p < 0.05) water (78.0 vs. 76.8) and lower (p < 0.05) fat
content (6.0 vs. 8.0%) (Table 1). Conversion of water into fat as fish grows may contribute
to higher fat retention content in a larger fish [16,32,33]. Silva and Ammerman (1993) [34]
reported higher water content (70.8% vs. 68.1%) and lower fat content (10.8 vs. 13.2%)
for small (0.3 kg) sized channel catfish (Ictalurus punctatus) fillets than larger ones (1.0 kg).
However, protein content and bacterial load (PPC and TCC) did not differ (p > 0.05) between
sizes.

Proximate composition and bacterial load of warm weather (May to July) fish were
different (p < 0.05) from cold weather (February to April) fish. BT fillets” water content
(77.8 vs. 75.6%) was higher (p < 0.05), and fat content (5.8 vs. 8.7%) was lower (p < 0.05)
for those collected in the cold weather than that of the warmer weather (Table 1). Some
studies [35,36] reported that low mean energy value for muscle tissue during winter are
related to the lower level of fat within the muscle. Nettleton et al. (1990) also reported
higher water content for fillets collected in the winter than in summer (77.4 vs. 76%).
However, Robinson et al. (2001) reported no seasonal (May, October, and February) impact
on the water content of large sizes (0.23 to 0.45 kg) of channel catfish (Ictalurus punctatus)
fillets.

BT fillets” PPC was higher (p < 0.05) for fillets collected in the cold season compared
to those from the warm season (4.2 vs. 3.0 log CFU/g); however, TCC was higher (p < 0.05)
for warmer season fillets (3.4 vs. 1.7 log CFU/g). Huang and Leung (1993) [37] reported
similar PPC (2.8 to 3 log CFU/mL) and TCC (1.48 log CFU/mL) in dressed channel catfish
harvested from southern Georgia during the spring season. Nunez et al. (2003) also
reported higher TCC in channel catfish processed in the spring than those processed in
the fall or winter. Fernandes et al., (1997) reported higher counts of E. coli and S. aureus in
catfish fillets collected in summer compared to those collected in winter.
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3.2. Water and Retained Water Content of the Hybrid Catfish Fillet at Several Process Steps

The USDA-FSIS stated that ‘retained moisture” should be documented to provide
consumers with the information necessary to make reasonable purchase decisions. In 2017,
the USDA-FSIS started inspecting ‘Siluriformes” and stated that processors must state the
maximum percentage of retained water (if any) on the product label. No published study
reported the retained water content for the catfish’s final commercial product. We have
determined the fillets” retained water content from the proximate composition using a
systematic approach so that the authority and the catfish processors could use the data for
better process control.

There was no interaction (p > 0.05) between fillets’ sizes, harvesting season, and
processing steps, indicating fillets” sizes or seasons did not affect the retained water (water
difference from baseline; BT) at any process step. Retained water was proportional to water
content at every process step (Figure 2). Retained water content (RWC) differed (p < 0.05)
at some process steps. Final fresh and frozen fillets’ RWC were 1.1% with a range of 0 to 5%
and 4.5% with a range of 2 to 8%, respectively (Figure 2).

ab
bc cd ab

Retained water (%)

O-_2NWhoOIO)NC

BT BC AC AS BIP Al AF
Process step

Figure 2. Retained water content (%) of hybrid catfish fillets at different catfish process steps re-
gardless of size; abed Means not followed by the same letter differ (p < 0.05); BT = Before Trimming
(Baseline; assumed to have the same proximate composition as received fish at processing plant);
BC = After trimming/before chilling; AC = After water chilling; AS = After slush ice chilling;
BIP = Before ice packing (Fresh fillets); Al = After injecting (polyphosphate injection), AF = After
freezing (Frozen fillets).

Baseline (BT) retained water content (RWC) was assumed to be zero, where water
content depends on the size of the fillets and seasonal changes. BC fillets’ RWC was similar
(p>0.05) to that of BT fillets. After water chilling, RWC for AC fillets was 2.7 £ 1.5% (with a
range of 0.7 to 5%) possibly due to the adsorbance of chilled water in the subcutaneous layer
of the muscle tissue [10]. After 24 h ice slush chilling, AS fillets retained more (p < 0.05)
water (3.7 £ 1.4%, with a range of 0.3 to 6.2%) than other fillets (except for AF fillets) may
be due to the immersion of the fillets for a more extended period in the slush ice, where
fillets trap more water in the intercellular space of the muscle tissues [10,12]. Carciofi &
Laurindo (2007) [38] reported that water absorption of poultry depends on immersion time,
water temperature, and water stirring conditions during chilling. Afterwards, fillets lost
around 2.6% of this water content before ice packing (BIP). Retained water of the BIP fillets
was 1.1 £ 2.0 with a range of —2.1 to 5.0%. Klose et al. (1960) [39] reported that most of the
absorbed water is loosely held (unbound water, adsorbed) in pockets between the tissues
of the muscle during immersion chilling, and most could be lost afterwards. Silva et al.
(2001) supported these results stating that fillets could gain weight due to water adsorption
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during chilling but lose most of it before ice packing. The ranges of RWC (—0.7 to 6.3%) of
hybrid catfish fillets after water and ice slush chilling were lesser than reported retained
water (6 to 12%) of poultry carcass after immersion chilling [10,12]. Retained water was
not different (p > 0.05) for fillets after injection (3.0 £ 1.6% with a range of 0.3 to 5.1%) and
freezing (4.5 & 2.0% with a range of 1.8 to 8.0%). This result might be due to the injection
of polyphosphate or other chemical agents in the fillets before freezing, which increased
the water binding capacity of the muscle’s myofibrillar protein and protected water loss
during freezing [40-42].

3.3. Factors Affecting the Retained Water Content of Catfish Fillets

NIR spectroscopy is fast, noninvasive, and more economical for determining the
proximate composition of the muscle food in comparison to other conventional (oven dry,
Kjeldahl) methods [43,44]. Multiple linear regression analysis was used to analyze the
factors affecting retained water of the hybrid catfish fillets during processing. Several
studies [14,45] reported that the water-protein ratio could be used to determine added
water during seafood processing. Breck (2014) reported that the relationship between water
and protein is size-dependent, and that fat content is inversely correlated to the water
content of the fish. Thus, the catfish’s water-protein ratio (M:P), weight (g), and fat content
were examined by multiple linear regression analysis to predict the retained water of the
catfish fillets during processing.

Water content determined by NIR spectrometer was fitted based on water content
determined by oven method (AOAC approved method) using a simple linear regression
model [46]. A significant correlation (F (1.74) = 513.97, p < 0.0001), R? = 0.87) was obtained
between water content determined by NIR and water content determined by the oven method.
Fitted water was equal to 14.7 + 0.80 (water content determined by oven method) %.

The retained water calculated from water determined by NIR was fitted based on
retained water calculated from water determined by the oven method using a simple linear
regression model. The fitted retained water was equal to 3.0 + 1.10 (calculated retained
water from water determined by oven) %, [(F (1.56) = 255.93, p < 0.0001), R? = 0.82). This
fitted retained water was used as a dependent variable (Y), and water-protein ratio (M:P),
fat content (%), and weight (g) of the catfish were used as independent variables (X) in
the prediction models. A stepwise regression analysis was conducted with backward
elimination of the independent variables to fit the models. At first, all the independent
variables (M:P, fat content, and weight) were used for the model establishment. The
regression equation of this model (F (3, 57) = 419.36, p < 0.0001, R? = 0.96) was as follows:

Retained water (%) = —5.6 + 2.1 (M:P) — 0.13 (Fat) + 0.0004 (weight) (Model 1)  (3)

Both M:P and fat were significant (p < 0.05) predictors for retained water; however, weight
was not a significant (p > 0.05) predictor for retained water in this model.

Thus, weight was excluded from the model, and a reduced model (F (2, 58) = 635.59,
p <0.0001), R? = 0.96) was established. Adjusted R-square was not different (p > 0.05) for
this reduced model after excluding weight, indicating that weight was not a significant
predictor along with water-protein ratio and fat content. The regression equation of this
reduced model was as follows:

Retained water (%) = —5.6 + 2.13 (M:P) — 0.70 (Fat) (Model 2) 4)

Both M:P and fat were significant predictors of retained water in this model 2. However,
when fat content was excluded from model 2, adjusted R2 (0.58) was different (p <0.05)
for the reduced model 3. This indicated that fat content was a significant predictor for
retained water in model 2. The regression equation of this reduced model (F (1, 59) = 84.84,
p <0.0001) was as follows:

Retained water (%) = —12.2 + 2.8 (M:P) (Model 3) (5)
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However, when weight (g) was added excluding fat content in this reduced model
3, adjusted R? (0.73) increased (p < 0.05), which indicated that weight was a significant
predictor for retained water excluding fat in model 4. The regression equation of this model
(F (2, 58) = 79.78, p < 0.0001, R? = 0.73) was as follows.

Retained water (%) = —12.3 + 3.0 (M:P) — 0.007 (weight) (Model 4) 6)

Both M:P and weight were significant predictors of model 4.

Model 2 fulfilled the goodness of fit criteria of a multiple linear regression model [46].
This model contained 76 observations and 3 parameters. The coefficient of multiple de-
termination (R?) was 0.96, indicating that this model accounted for the more significant
proportion of variation. The residual of M:P and fat content followed random distribution
(Table 2). The value of residual degrees of freedom adjusted R square (Adj. R? = 0.96) and
means square error (MSE = 0.105) also exhibited a good fit of this model for the prediction
of retained water based on water-protein ratio and fat content. Thus, water-protein ratio
and fat content were significant predictors for retained water during processing of hybrid
catfish fillets.

Table 2. Regression analysis of model 2 for the prediction of retained water (%) of hybrid catfish
fillets during processing.

Variable Coefficient Std. Error T-Statistic Pr> Itl
Intercept —5.734 0.590 —9.780 <0.0001
Moisture-protein ratio 2.140 0.103 20.700 <0.0001
Fat (%) —0.670 0.030 —22.070 <0.0001
R-Squared 0.960 MSE 0.105
Adjusted R-Squared 0.954 F-statistics 635.590
No. of observations 61 Pr (F-statistics) <0.0001

Dependent variable = Fitted retained water (%) (Calculated from regression analysis between retained water
from water determined by oven and NIR method; Independent variable = water-protein ratio, weight (g) and fat
content (%) of the catfish fillets.

3.4. Proximate Compositions of the Hybrid Catfish Fillet at Several Process Steps

There was no interaction (p < 0.05) between fillet size, harvest season, and processing
step on proximate composition at any process step. Fat content differed when water content
differed (p < 0.05) at similar process steps (Figure 3). For instance, fillets after ice slush (AS)
had less (p < 0.05) fat content in comparison to BT and BC fillets (4.7 = 1.6 vs. 7.0 £ 2.5 and
5.6 £ 2.0%), respectively (Figure 3). An inverse correlation was reported between fat and
water content of the fish fillets [15-17]. However, fat content of the fillets was not different
(p > 0.05) at any of the process steps when measured on a dry basis.

Protein content was not different (p > 0.05) for BT (17.0 £ 0.5%), BC (17.0 £ 0.7%)
and BIP (16.3 % 0.6%) fillets (Figure 3). However, when AC and AS fillets” water content
increased (2 to 4%) due to water absorption during chilling (both water and slush ice),
the percentage of protein content was lower (p < 0.05) for these fillets (AC: 16.0 & 0.7%;
AS:15.0 £ 0.7) in comparison to BT, BC and BIP fillets. Al and AF fillets also resulted in
lower (p < 0.05) protein content (Al: 14.5 &= 0.5; AF: 14.5 &= 0.5), where the water content
of these (Al and AF) fillets was higher (p < 0.05) in comparison to BT, BC and BIP fillets
(Figure 3). An inverse relationship between protein and water content was also reported
by Breck et al. (2014). Fillets” protein content on a dry basis also differed (p < 0.05) with
process steps.
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Figure 3. Proximate composition (%) of hybrid catfish fillets at different catfish process steps regard-
less of size; BT = Before Trimming (Baseline; assumed to have the same proximate composition as
received fish at processing plant); BC = After trimming/before chilling; AC = After water chilling;
AS = After slush ice chilling; BIP = Before ice packing (Fresh fillets); Al = After injecting (polyphos-
phate injection), AF = After freezing (Frozen fillets).

3.5. Bacterial Load of the Hybrid Catfish Fillets at Several Process Steps

Indicator bacteria may reveal temperature abuse [47] and cross-contamination [26]
during fish handling and storage. We have determined psychrotrophic plate counts (PPC)
throughout the process line because of the low temperature (4.6 to 21 °C) of the processing
environment where PPC could be the indicator microorganisms [29]. Total coliform plate
counts (TCC) was determined to investigate cross-contamination in the processing environ-
ment. Fillets’ sizes and harvesting seasons were considered to investigate any influence of
these two parameters on the final bacterial count [27]. The bacterial load data are presented
in Table 1 and Figure 4.

There was no interaction (p > 0.05) between fillet size, harvest season, and process steps
for psychrotrophic plate counts (PPC) and total coliform plate counts (TCC). The average
PPC of BT fillets was ~4 log CFU /g, with a range of ND (Not detected) to ~5 log CFU/g
for both sizes and seasons (Table 1). Fernandes et al. (1997) and Watchalotone et al. (1996)
reported similar ranges of PPC (3.5 to 5.5 log CFU/g); however, Huang & Leung (1993) and
Nunez et al. (2003) reported lower PPC (2 to 3 log CFU/g) for channel catfish (Ictalurus
punctatus) fillets collected from processing plants. The average TCC of BT fillets was
2.41log CFU/g, with a range of ND to ~5 log CFU/g for both sizes and seasons (Table 1).

Previous studies also reported a similar range of TCC (1 to ~2.7 log CFU/g) for channel
catfish (Ictalurus punctatus) fillets collected from catfish processing plants [26,28,48]. The
reported higher TCC results might be due to temperature abuse and mishandling, as these
fillets were collected from a manual catfish processing scheme [48]. E. coli was not detected
in any sample at any process step which could be found in other meat products [49]. The
maximum acceptable limits of aerobic plate counts (APC) at 20 to 25 °C and E. coli in fresh
and frozen fish are 5.7 log CFU/g and 1.0 log CFU/g, respectively, as specified by ICMSF
(International Commission on Microbiological Specifications for Foods) [25]. However,
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Bacterial count (logCFU/g)

Watchalotone et al. (2001) suggested that PPC and TCC of catfish fillets during processing
should not be more than 3—4 log CFU/g and 2 log CFU/g, respectively.

Bacterial count (logCFU/g) of hybrid catfish fillet

Bacteria

- PPC
- TCC

o

BT (21 °C) BC (20.6 °C) AC (6.2°C) AS (0°C) BIP (3.7 °C) Al (4.6 °C) AF (-2.6 °C)

Process step

Figure 4. Bacterial count (log CFU/g) of hybrid catfish fillets at different process steps regardless of
sizes; PPC = Psychrotrophic plate counts; TCC = Total Coliform plate counts- ab Means not followed
by the same letter differ (p < 0.05); BT = Before Trimming (Baseline; assumed to have the same
proximate composition as received fish at processing plant); BC = After trimming/before chilling;
AC = After water chilling; AS = After slush ice chilling; BIP = Before ice packing (Fresh fillets);
Al = After injecting (polyphosphate injection), AF = After freezing (Frozen fillets). Temperature in
the parenthesis denotes the fillet temperature at the designated process step.

PPC and TCC of fillets were not different (p > 0.05) at any process steps (Figure 4)
except at AL The highest PPC and TCC was observed at this point (Al). The temperature at
this step was slightly increased (~1 °C) from the previous step (BIP), which may explain
the reason of higher count after injection. No differences in PPC and TCC (p > 0.05) for AC
and AS fillets indicated that 24 h slush ice chilling could not reduce the bacterial load (PPC
and TCC) in comparison to water chilling.

4. Conclusions

This study provided extensive data on baseline proximate composition and bacterial
load of hybrid catfish fillets. As the baseline water content dictated the amount of retained
water of the catfish fillets at the process steps, data (water-protein ratio and fat content)
from this study could be used to estimate the fillets’ retained water at any process step
which would further help the processor label their final products’ retained water. Data
showed that there was no water gain in fresh fillets and minimal water gain in frozen fillets.
Nevertheless, processors should be careful to estimate the retained water using baseline
water content from one season to another or big fish to small ones since baseline water
content is fillet size and harvest season dependent. It is worth noting that the processor
should be more cautious at the injection step keeping temperature low, where the bacterial
load was considerably higher than in other steps. Overall, the catfish industry and others
will be benefitted using our data on estimating retained water and microbiological quality
of the hybrid catfish fillets for stringent process control.
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Abstract: The majority of pond-reared Chinese mitten crab (Eriocheir sinensis) grow and fatten in
freshwater. Previous studies illustrated that E. sinensis cultured in saline-alkaline water in outdoor
environments showed a higher quality than that cultured in freshwater. However, it is still unclear
whether salinity or alkalinity has an important positive effect on the quality of E. sinensis. This
study aimed to investigate the gonadal development, edible yield, coloration, and nutritional and
flavor quality of E. sinensis fattening in saline and alkaline water indoors. Results showed that there
were no significant changes observed in gonadosomatic index (GSI) and other edible parameters
among freshwater (FW), saline water (SW), and alkaline water (AW) during the 55-day fattening
period (p > 0.05). Significantly higher a* and b* values of freeze-dried female carapace were observed
fattening in SW and AW compared with that of FW (p < 0.05). The crude protein in gonad and
male muscle, moisture in female muscle, and crude lipid in male muscle increased significantly
from FW to SW and AW (p < 0.05). Better nutritional and flavor values were also detected in male
hepatopancreas and muscles. In conclusion, numerous advantages of fattening in SW and AW were
observed, including the improvement of carotenoid accumulation in freeze-dried carapace, DHA,
EPA, total essential free amino acids (}_EFAA), total free amino acids (}_FAA), and total umami values
(XTUV) contents in male hepatopancreas and muscle.

Keywords: Eriocheir sinensis; aquaculture; fatty acid; free amino acid

1. Introduction

The Chinese mitten crab Eriocheir sinensis, an important freshwater product, has
high economic value and is favored by consumers because of its delicious taste and high
polyunsaturated fatty acid (PUFA) and amino acid (AA) contents in China [1]. The aqua-
culture yield reached 808,274 t in 2021, and the output value has increased to beyond
CNY 50 billion [2]. E. sinensis has a unique life cycle. Juvenile and adult individuals live
in freshwater, while mature or nearly mature individuals migrate to the estuary for repro-
duction [3]. The culture modes of E. sinensis mainly include pond culture, lake, or reed
pond proliferation, and rice crab co-culture, which are distributed in different regions of
China. With increasing pressure for environmental protection, expanding the aquaculture
space of aquatic products has become one of the most important elements affecting the
development of the E. sinensis industry. The area of E. sinensis cultured in saline-alkaline
water has gradually increased in recent years [4,5].

Globally, saline-alkaline land covers 0.95 billion hectares, accounting for 1/3 of the
total land area [6]. The area of saline-alkaline land in China is approximately 99.13 million
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hectares, and the low-lying saline-alkaline water is approximately 45.87 million hectares,
accounting for approximately 55% of the total lake area [7]. Previous studies have demon-
strated that E. sinensis cultured in saline-alkaline water in outdoor ponds does not affect
growth and gonadal development [8]. Meanwhile, E. sinensis cultured in saline-alkaline
water in outdoor environments show higher levels of long-chain unsaturated fatty acids
(LC-PUFA), especially DHA and EPA, than that cultured in freshwater [4,5]. However,
the nutritional quality of E. sinensis cultured in outdoor earthen ponds can be affected by
numerous factors, such as germplasm [9], culture environment [10], and diet [11]. Salinity
and alkalinity are important ecological factors in the culture environment [12,13]. Hence,
it is still unclear whether salinity or alkalinity has an effect on the nutritional quality of
E. sinensis, and the main reason why E. sinensis accumulates high levels of DHA and EPA
in outdoor saline-alkaline earthen ponds.

Since E. sinensis is a migratory aquatic animal, salinity plays an important role in its
reproduction. Therefore, there are many studies on salinity [14-17]. The majority of studies
have mainly focused on the physiological metabolism and osmoregulation of salinity in
E. sinensis [14,15]. Only a few studies have paid close attention to the nutritional quality
and flavor quality of E. sinensis [16,17]. Even though there is little literature, they still focus
on brackish water (12 ppt) during the process of reproductive migration or low salinity
seawater (7 ppt) for a short time. Previous studies have investigated edible yield and
nutritional quality for fattening over 60 days in outdoor ponds [1,11]. Nevertheless, no
studies have reported on the gonadal development, color, nutrition, and flavor quality of
E. sinensis fattening in low salinity water (1.5 ppt) indoors for a long time.

Compared with numerous studies on the salinity of E. sinensis, few reports on the
alkalinity of E. sinensis exist in the literature. More reports have focused on the toxicity
of alkalinity on Tribolodon brandti [18] and Macrobrachium nipponense [19]. A recent study
simply illustrated the toxicity of carbonate alkalinity (NaHCO3) on E. sinensis [20]. However,
no future reports have focused on the quality of E. sinensis edible tissues.

During the period of fattening, edible parameters, commonly including the hepato-
somatic index (HSI), gonadosomatic index (GSI), meat yield (MY), and total edible yield
(TEY), are quite important indicators utilized in the evaluation of fattening performance for
E. sinensis [11]. Meanwhile, color parameter, proximate composition, fatty acid, and free
amino acid are also key indicators for the coloration and nutritional and flavor quality of
E. sinensis [4,21]. Therefore, based on the above reasoning, this experiment was designed to
investigate the effects on the gonadal development, edible yield, coloration, and nutritional
and flavor quality of E. sinensis fattening in saline or alkaline water.

2. Materials and Methods
2.1. Experimental Design

This experiment was conducted at the Heilongjiang River Fisheries Research Institute,
CAFS (Harbin, China). Approximately 140 adult E. sinensis post puberty molt (female body
weight 80~100 g, male body weight 100~120 g) were obtained from a local crab farm in
early August 2021. The crabs were cultured in earth pond outside with Elodea canadensis
transplanted from 1 May to the sampling time, and fed once a day at 17:00 with a com-
mercial formulated diet (crude protein > 36.0%, crude fat > 5.0%, moisture < 12.0%,
ash < 18.0%; Nanjing Aohua Biotechnology Co., Ltd., Nanjing, China). Among them,
a total of 120 healthy, active, and intact individuals were selected and conducted for the
experiment on 5th August according to our own protocol. The fattening trial was conducted
in 12 indoor glass tanks (64 x 38 x 43 cm) with 60 L water in each glass tank. Four glass
tanks as one treatment and three treatments were set in this study: freshwater (FW: salinity
0 ppt, alkalinity 0 mmol/L), saline water (SW: salinity 1.5 ppt, alkalinity 0 mmol/L), and
alkaline water (AW: alkalinity 10 mmol/L, salinity 0 ppt). Forty individuals together (half
females and half males) were randomly distributed, averaging 10 individuals in each glass
tank. FW was sourced from tap water. Analytical pure sodium chloride NaCl (Sinopharm
Chemical Reagent Co., Shenyang, China) was used to adjust the salinity to 1.5 ppt, and
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analytical pure sodium bicarbonate NaHCOj; (Sinopharm Chemical Reagent Co., Shenyang,
China) was used to adjust 10 mmol/L alkalinity. The saline-alkaline concentration in
this experiment originated from the outdoor earthen pond from Dongying in Shandong
Province and Daging from Heilongjiang Province of China.

2.2. Culture Management

During the fattening period, the water temperature was changed 2 °C every 10 days
and presented a downward trend from 25 to 15 °C depending on the season from 5th August
to 28th September. In an indoor circulating aquaculture system, around 30% of glass tank
water was replaced in each tank every day with dechlorinated tap water at the appropriate
temperature and maintained constant water salinity and alkalinity. The ammonia-N, nitrite,
salinity, alkalinity, dissolved oxygen (DO), and pH of the water were checked every day.
Over the course of the trial, E. sinensis was fed daily at 5 pm with a commercial crab diet
(crude protein > 36.0%, crude fat > 5.0%, moisture < 12.0%, ash < 18.0%; Nanjing Aohua
Feed Co., Ltd., Nanjing, China), and food residue was removed next morning. The feeding
amount was adjusted according to Zhang's study [16].

2.3. Sample Collection and Dissection

The studies in E. sinensis were reviewed and approved by the Committee for the Wel-
fare and Ethics of Laboratory Animals of the Heilongjiang River Fisheries Research Institute
(Approval numbers: 20210915-001, approved on 15 September 2021). On 28 September,
a total of 40 individuals from each treatment were sampled. The E. sinensis surface was
wiped with a towel, and digital balance (JA2002, precision = 0.01 g, Shanghai Puchun
Measuring Instrument Co., Ltd., Shanghai, China) was used to measure the body weight of
each crab. A Vernier caliper (111-101-10G, precision = 0.01 mm, Guilin Guanglu Measuring
Instrument Co., Ltd., Guilin, China) was used to measure the carapace length and width
parameters. The E. sinensis was then dissected to obtain edible tissues (hepatopancreas,
gonad, and muscle). The method and steps of dissection were as follows: First, the carapace
and breastplate of E. sinensis were separated, and then the hepatopancreas and gonads
hidden in the carapace were carefully taken out. Second, the hexagonal heart was discarded,
and the remaining hepatopancreas and gonads in the chest were carefully taken out. The
edible tissues were weighed for calculating hepatosomatic index (HSI, %), gonadosomatic
index (GSI, %), meat yield (MY, %), and total edible yield (TEY, %). Subsequently, all edible
tissues were stored separately at —40 °C for further biochemical analysis. The HSI, GSI, MY,
TEY, and condition factor (CF, g/cm?) were calculated with the following Formulas (1)~(5):

hepatopancreas weight

HSI (%) = 100 x body weight

GSI (%) = 100 x gonad weight

body weight

o meat weight
MY (%) =100 x body weight

hepatopancreas weight + gonad weight + meat weight
body weight

TEY (%) = 100 x

CF (g/cm®) — body weight .
carapace length
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2.4. Measurements of Color Parameters

A colorimeter (CR-400, Konica Minolta, Marunouchi, Tokyo, Japan) was used to
measure the color values (lightness L*, redness a*, and yellowness b*) of freeze-dried
carapace, and female gonad (ovary) of E. sinensis from three treatments, respectively.
Six relatively smooth points on the carapace surface [21], and three random points on the
ovary were selected for L*, ¥, and b* measures.

2.5. Proximate Composition

The moisture analysis of experimental E. sinensis edible tissues from the three treat-
ments was determined with a vacuum freeze-dryer (FD-1A-50, Biocoll, Beijing, China)
at —50 °C to a constant weight [4]. Prior to the future biochemical analysis, five freeze-
dried E. sinensis tissues were randomly selected to form a replicate. Three replicates were
designed in the experiment. The crude protein, crude lipid, and ash contents were sepa-
rately determined using the Kjeldahl method [22], GB 5009.6-2016 [23], and AOAC proce-
dures [22], respectively.

2.6. Fatty Acid Profile

The peak area percentage method by GB 5009.168-2016 was carried out to measure
fatty acids [24]. All samples were repeated three times. Crude lipids extracted from
E. sinensis edible tissues were further processed for fatty acid analysis. The results are
presented as the percentage of each fatty acid with respect to the total fatty acids (%).

2.7. Free Amino Acid Analysis and Taste Activity Value

Freeze-dried E. sinensis tissue samples were processed according to the previously
described method [16]. A total of 17 amino acids were calculated using this method. The
taste activity value (TAV) was calculated as the ratio of the concentration of taste compounds
measured above in the E. sinensis edible tissue to its threshold value [4].

2.8. Statistical Analysis

The results are presented as mean values + standard error (SE). SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. A one-way ANOVA was
used to determine the differences among these three treatments, and Duncan’s multiple
range test was carried out for comparisons. The comparison test p < 0.05 was regarded as
the statistical significance.

3. Results
3.1. Gonadal Development and Total Edible Yield

The edible yield and condition factors of adult E. sinensis from different culture en-
vironments are shown in Figure 1. There was no significantly increasing or decreasing
trend observed among the FW, SW, and AW during the 55-day fattening period (p > 0.05).
However, slight numerical differences were found between edible parameters and the
condition factor (CF) among the three treatments at the end of the experiment. For females
(Figure 1A,C), the HSI, GSI, TEY, and CF parameters of E. sinensis from FW were slightly
higher than those of SW and AW. For males (Figure 1B,C), the HSI, GSI, and CF parameters
of E. sinensis fattening in SW were much better than those of FW and AW, while a higher
percentage of E. sinensis MY and TEY parameters existed in AW.
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Figure 1. The edible yield (% body weight, (A,B)) and condition factor (%, (C)) of adult Eriocheir
sinensis from different culture environments. The data are presented as mean =+ standard error (SE)
(n = 20). FW, freshwater; SW, saline water; AW, Alkaline water; HSI, hepatosomatic index; GSI,
gonadosomatic index; MY, meat yield; TEY, total edible yield.

3.2. Color Parameters

Significantly higher a* (redness) and b* (yellowness) values of freeze-dried female
carapace were observed fattening in SW and AW compared with that of FW (p < 0.05)
(Figure 2A). No significant differences existed between the freeze-dried female gonad and
male carapace among the three treatments (Figure 2B,C) (p > 0.05), but the a* and b* values
of freeze-dried male carapace still showed an increasing trend of fattening in SW and AW.
Overall, the effects of fattening in SW and AW on the color quality of the carapace are more
obvious than that of the female gonad.

A) Female B) Male
g 80 BFW BSW 0AW s 80 BFW BSW OAW
s =2

Z 60 g
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H ]

o 40 9

< @

& 1

£ )

£20 &
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Color parameters Color parameters
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Color parameters

Figure 2. The freeze-dried carapace (A,B) and gonad (C) color quality of adult Eriocheir sinensis
from different culture environments. The data are presented as mean =+ standard error (SE) (n = 20).
Different letters indicate a significant difference among different culture environments (p < 0.05). FW,
freshwater; SW, saline water; AW, Alkaline water; L*, 4%, and b* represent the color parameters of
lightness, redness, and yellowness, respectively.
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3.3. Proximate Composition

The proximate composition of adult E. sinensis fattening in different culture environ-
ments is presented in Table 1. The crude protein in gonad and male muscle, moisture
in female muscle, and crude lipid in male muscle increased significantly from FW to SW
and AW (p < 0.05), whereas a decreasing trend was detected by crude protein in female
muscle from FW to SW and AW (p < 0.05). The crude lipid of hepatopancreas exhibited
an obviously increasing trend of fattening in SW and AW compared with that of fattening
in FW, but no significant difference (p > 0.05).

Table 1. The proximate composition (% wet weight) of adult Eriocheir sinensis fattening in different
culture environments.

Female Male

Item

FW SW AW FW SW AW
Hepatopancreas
moisture 59.50 + 1.60 59.62 4 3.39 61.04 + 2.02 55.29 4 0.66 50.34 + 4.16 51.48 + 3.26
crude protein 10.86 + 0.51 9.06 + 0.07 9.94 + 0.86 8.96 + 0.11 9.28 +2.75 8.01 + 0.85
crude lipid 24.10 + 1.01 26.99 4 0.10 24.17 4 0.68 30.92 + 0.07 35.11 4 3.67 35.76 4+ 1.21
ash 1.46 +0.16 1.03 + 0.06 1.19 + 0.10 1.36 + 0.07 1.14 + 0.30 1.07 +0
Gonad
moisture 55.63 4 1.52 53.68 4+ 1.71 55.02 4 0.53 73.50 + 0.31 72.76 + 0.35 73.34 +0.36
crude protein 28.84 4 0.08 P 29.86 4+ 0252 2931 +0.112® 1761 +£0.01P 18.01 + 0.02 17.63 £0.05°
crude lipid 7.45 + 0.09 6.72 + 0.32 722 +0.11 034+0 0.42 + 0.04 035+ 0
ash 2.17 4 0.40 1.90 + 0.05 223 +0.34 2.46 +0.32 2.33 £ 0.04 2.25 +0.01
Muscle
moisture 79.61 £0.25°  80.88 £ 0593  81.01 +0.44° 79.33 + 0.64 78.04 + 0.50 78.96 -+ 0.50
crude protein 17.42 +0.052 15.71 £0.15b 15.63 £ 0.30 P 16.50 + 0.06 17.98 + 0.00 @ 17.05 £0.11°
crude lipid 0.38 + 0.03 0.46 £ 0 0.37 +0.03 0.35 +0.02° 048 +02 0.38 £ 0.02°
ash 1.51 +0.02 1.50 + 0.03 1.49 + 0.07 1.35 + 0.05 1.50 + 0.01 1.47 +0.02

Notes: The data presented as means =+ standard error (SE) (n = 20). Values in the same row with different
superscripts are significantly different (p < 0.05). Forty mature individuals were collected from each culture
environment. Abbreviations: FW, freshwater; SW, saline water; AW, alkaline water.

3.4. Fatty Acid Profiles

The fatty acid composition of adult E. sinensis fattening in different culture environments
is summarized in Table 2. The fatty acids of E. sinensis edible tissues contain saturated fatty
acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs).

3.5. Free Amino Acid Composition and Taste Activity Value

Concentrations of } 'SFA in male hepatopancreas significantly decreased from FW to
SW and AW (p < 0.05) (Table 2). This trend was mainly driven by a reduction in 16:0, which
decreased from 27.90 £ 0.90% in FW to 23.96 + 0% in SW. Concentrations of ) MUFA in
male hepatopancreas also decreased from FW to SW and AW, but no significant difference
was observed (p > 0.05). This trend was generally driven by a reduction in dominant
18:1n9¢, which decreased from 46.65 + 1.61% in FW to 42.76 £ 0.24% in SW. 18:2n6¢
was present in the highest abundance, followed by 18:3n3, DHA, EPA, and ARA within
PUFA. A significantly increasing trend of ) PUFA in male hepatopancreas was observed
from FW to AW and SW (p < 0.05), which is generally driven by an increase in the above-
mentioned fatty acids. The highest content of DHA in male hepatopancreas was detected
in AW compared with that of FW (p < 0.05). A significant improvement of ) HUFA, ) n-3
PUFA, and y_DHA + EPA contents was also observed in SW and AW male hepatopancreas
(p <0.05).
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In the gonad (Table 2), the ovaries and testes had apparent differences in their fatty
acid composition and concentration. Females have higher concentrations of ) 'SFA, ) MUFA
and ) EFA, but lower percentages of ) PUFA, Y} HUFA, ) n-3 PUFA, ) n-6 PUFA and
Y DHA + EPA compared with males. A significantly decreasing trend was found in 18:1n9¢
from FW to SW (p < 0.05). The }_EFA content of the testis in SW and AW was slightly higher
than that of FW, but no significant difference was detected (p > 0.05).

The lower crude lipid concentration of the testis and muscle was recorded. Therefore,
the fatty acid compositions of the muscle were similar to those of the testis, but obviously
different from those of the ovary and hepatopancreas (Table 2). Regardless of gender,
concentrations of ) ’SFA in muscle significantly decreased from FW to SW (p < 0.05). This
trend was mainly driven by a reduction in 16:0 and 18:0. Whereas the female muscle
content of } 'SFA in AW was significantly higher than that of FW, male muscle content was
lower compared with that of FW (p < 0.05). A significantly decreasing trend was detected of
Y _MUFA in the male muscle from FW to SW and AW (p < 0.05), which was mainly driven by
a reduction in 18:1n9¢. The content of } PUFA in male muscle significantly increased from
FW to SW and AW (p < 0.05). This trend was mainly driven by an increase in 18:2n6¢c, DHA,
and EPA. As for the indices describing combinations of PUFA, the contents of } HUFA,
Y n-3 PUFA, } DHA + EPA showed a significantly increasing trend from FW to SW and AW
(p <0.05).

Seventeen FAAs including seven essential free amino acids (EFAAs) for adult human
beings, and two tastes including pleasant taste (umami and sweetness) and unpleasant
taste (bitterness) are detected, respectively (Tables 3 and 4).

With respect to total essential free amino acids (Y EFAA) and total free amino acids
(FAA) of E. sinensis hepatopancreas, the concentrations in females significantly increased
from FW to SW and AW (p < 0.05) (Table 3). This trend was mainly driven by a significant
increase in aspartic acid (Asp), cysteine (Cys), histidine (His), proline (Pro), tyrosine
(Tyr), isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe),
and threonine (Thr), which ) EFAA increased from 551.55 + 18.37 mg/100 g in FW to
696.63 & 5.77 mg/100 g in SW, and ) 'FAA increased from 1476.65 + 4.09 mg/100 g in FW
to 1721.86 + 46.53 mg/100 g in AW. A similar trend was also observed in males, but no
significant difference existed (p > 0.05). Regardless of gender, the total umami values
(XTUV) containing Asp and glutamic acid (Glu) in SW and AW were obviously higher than
those of FW, which increased from 3.89 to 4.47 in females and from 3.40 to 3.89 in males
with the domain umami compound Glu (Table 4). Nevertheless, the total sweetness values
(XTSV) containing alanine (Ala), glycine (Gly), serine (Ser), Thr, and Pro in females and
total bitterness values (3 _'TBV) including arginine (Arg), Lys, valine (Val), Met, histidine
(His), Ile, Leu, and Phe in males, were slightly decreased from FW to SW and AW. A slightly
increasing trend of ) TSV in males and ) TBV in females was detected from FW to SW and
AW. The domain sweetness compound was Ala, and the bitterness compounds were Arg,
Lys, Val, Met, and His, respectively.

Except for the female lower ) EFAA in AW, the contents of ) _EFAA increased from
FW to SW and AW in gonad (Table 3). Due to the low content of female }_ FAA in FW,
the percentage of ) EFAA to ) FAA (PETFAA) was higher than that of AW and SW. The
concentrations of His, Pro, and Lys in females significantly increased from FW to SW and
AW (p < 0.05), while a similar trend was also observed in males with higher contents of
His, Ile, Leu, and Thr between SW and AW (p < 0.05). For the ovary, the } TUV and } TSV
fattening in SW and AW were higher than that of FW (Table 4), indicating an obvious
improvement in umami and sweetness. An apparent increase of }_TBV was also found in
SW compared with that of FW. The domain umami compound was Glu, while Ala was the
main sweetness compound. Arg, Lys, and His presented as an unpleasant taste. For the
testis, the Y TUV, 3 TSV and } TBV fattening in FW were slightly higher than that in SW,
but lower than that in AW. The testis possessed similar umami and sweetness compounds
but a lower bitterness compound content compared with the ovary.
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Table 4. The threshold and taste activity value of free amino acid composition in hepatopancreas,
gonad, and muscle of adult Eriocheir sinensis fattening in different culture environments.

Free Amino . Threshold Hepatopancreas Gonad Muscle
Acids Flavor Characteristics (mg/100 mL) W SW AW W SW AW W SW AW
Female
Aspartic acid umami (+) 100 0.41 0.58 0.62 0.10 0.07  0.08 0.04 0.03 0.04
Glutamic acid umami (+) 30 3.48 3.71 3.85 350 433 402 1.27 1.73 2.04
Y TUV 3.89 4.29 447 360 440 410 1.31 1.76 2.08
Alanine sweetness (+) 60 2.75 2.03 225 1.27 1.37 1.10 5.06 528 5.90
Glycine sweetness (+) 130 0.62 0.62 0.62 0.34 0.40 034 346 458 3.55
Serine sweetness (+) 150 0.12 0.09 0.10 0.06 0.05 0.03 0.07  0.06 0.04
Threonine sweetness (+) 260 0.24 0.31 0.32 0.22 0.31 0.23 0.09 0.12 0.15
Proline sweetness/bitterness (+) 300 0.32 0.68 0.68 0.44 0.91 1.05 0.80 1.22 1.64
Y TSV 4.05 373 397 233 3.04 2.75 948 1126 11.28
Arginine sweetness/bitterness (—) 50 5.99 5.52 5.73 447 5.83 4.56 9.75 9.06 10.89
Lysine sweetness/bitterness (—) 50 3.16 3.28 3.66 1.03 1.87 1.43 0.66 0.78 1.45
Valine sweetness/bitterness (—) 40 1.68 1.75 1.80 0.67 0.54 0.39 0.76 0.95 0.99
Methionine bitterness/sweetness/sulphur (—) 30 1.37 1.52 1.16 0.56 0.36 0.30 0.73 0.66 0.91
Histidine bitterness (—) 20 1.63 2.49 2.40 1.28 1.66 1.40 0.15 017 023
Isoleucine bitterness (—) 90 0.44 0.84 0.55 0.12 0.11 0.09 0.12 0.16 0.20
Leucine bitterness (—) 190 0.59 0.88 0.80 0.11 0.12 0.08 0.12 017  0.21
Phenylalanine  bitterness (—) 90 0.80 1.05 1.05 022 0.22 0.13 0.83 1.11 1.12
Y TBV 15.66 17.33 1715 846 1071 838 13.12 13.06 16.00
Male
Aspartic acid umami (+) 100 0.45 0.54 0.55 0.50 0.62 0.67 0.02 0.03 0.03
Glutamic acid umami (+) 30 2.95 328 333 1.96 1.68 2.06 1.81 2.49 2.32
UV 3.40 3.82 3.88 246 230 2.73 1.83 2.52 2.35
Alanine sweetness (+) 60 2.35 1.81 212 1.18 0.99 1.30 5.01 5.25 5.14
Glycine sweetness (+) 130 0.51 0.61 0.59 0.21 0.21 0.21 3.37 4.32 421
Serine sweetness (+) 150 0.11 0.09 0.12 0.02 0.02 0.03 0.05 0.06 0.04
Threonine sweetness (+) 260 0.27 0.28 0.31 0.04 0.05 0.06 0.08 0.12 0.14
Proline sweetness/bitterness (+) 300 0.36 0.84 0.87 0.25 0.36 0.46 0.70 1.58 1.59
YISV 3.60 3.63  4.01 1.70 1.63 206 921 1133 11.12
Arginine sweetness/bitterness (—) 50 511 496 448 0.96 0.91 1.03 9.78 1075 9.82
Lysine sweetness/bitterness (—) 50 3.48 2.87 2.82 0.52 0.49 0.55 0.88 0.96 1.11
Valine sweetness/bitterness (—) 40 1.69 1.75 1.81 0.37 0.25 0.30 0.73 0.97 0.86
Methionine bitterness/sweemess/sulphur (—) 30 1.37 146 1.29 0.20 0.16 0.20 0.50 0.75 0.58
Histidine bitterness (—) 20 1.78 222 2.26 0.44 0.57 0.69 0.11 0.17 0.14
Isoleucine bitterness (—) 90 0.49 0.56 0.60 0.12 0.14 0.17 0.11 0.15 0.14
Leucine bitterness (—) 190 0.67 0.83 0.74 0.08 0.09 0.12 0.12 0.15 0.14
Phenylalanine  bitterness (—) 90 0.92 0.98 0.96 0.09 0.10 0.12 0.66 1.06 0.77
):TB& 1551 1563 1496 278 271 318 1289 1496 13.56

Notes: (+). pleasant taste; (—). unpleasant taste. ND, taste threshold not detected. Thirty mature individuals were
collected from each culture environment. Abbreviations: FW, freshwater; SW, saline water; AW, alkaline water;
Y TUV, total umami values; } TSV, total sweetness values; } TBV, total bitterness values.

With respect to ) EFAA and ) FAA of the E. sinensis muscle, an apparent improvement
was detected between SW and AW compared with that of FW (Table 3). This trend was mainly
driven by an obvious increase in Gly, and Pro. Significant change was observed among the
three treatments including Arg, Gly, Pro, Lys, and ) 'FAA in females, as well as His, Pro, and
Tyr in males (p < 0.05). Regardless of gender, the ) TUV in SW and AW was obviously higher
than that of FW, which increased from 1.31 to 2.08 in females and from 1.83 to 2.53 in males
with the domain umami compound Glu (Table 4). A similar increasing trend was also observed
for } TSV between SW and AW, with the values ranging from 9.48 to 11.28 in females and
from 9.21 to 11.33 in males, accompanied by domain sweetness compounds Ala, Gly, and Pro.
For ) 'TBV, Arg contributed the largest amount of flavor compound with the TAV > 9.

4. Discussion
4.1. Total Edible Yield

Fattening is a highly important aspect in the farming of E. sinensis, where fattening per-
formance can generally be evaluated by gonadal development status and edible yield [25].
E. sinensis with well-developed gonadal systems are usually sold at a higher price than
less developed E. sinensis; therefore, the status of gonadal development directly affects the
nutritional value and price of the market [11]. The present study showed that E. sinensis
GSI parament fattening in SW and AW was not significantly different from that of fattening
in FW (p > 0.05), which illustrated that low salinity and alkalinity could not significantly
affect the gonadal development of E. sinensis. Nevertheless, a downward trend in GSI was
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detected in females, which is likely caused by the lower body weight of E. sinensis in SW
and AW. In the same polyculture pond, the smaller the body weight of adult individuals,
the earlier the puberty molt is completed. That is, the gonadal development of small body
weight starts earlier than that of big body weight. Previous studies have argued that no
significant GSI change was detected, fattening below 6 ppt salinity [14], and this result was
consistent with our study.

4.2. Color Parameters and Biochemical Composition

The market value of E. sinensis is predominately driven by its visual appearance.
Generally, the reddish color of crustaceans means higher market prices [26]. The color of
E. sinensis is attributable to the deposition of carotenoids, especially astaxanthin [21]. In the
present study, higher a* values of freeze-dried carapace were observed fattening between
SW and AW compared with that of FW, illustrating higher astaxanthin and canthaxanthin
contents [21,27]. A similar trend was also observed with higher b* values of freeze-dried
carapace fattening between SW and AW, suggesting strongly zeaxanthin and (3-carotene
contents [27]. These results suggest that fattening in saline-alkaline water was helpful to
carotenoid accumulation in E. sinensis carapace. A similar conclusion was also detected
that salinity stress induced an increase in carotenoid content, such as Synechocystis [28], and
Golenkinia [29].

The biochemical composition of edible tissues is an important indicator for evaluating
the nutritional value of aquatic animals, and its composition is influenced by many factors,
such as germplasm, culture environment, fattening stage, and diet [1,25]. This study
showed that male E. sinensis fattening in SW and AW had lower moisture contents in
muscle and hepatopancreas, but had higher protein contents in muscle. The possible
explanation is that salinity or alkalinity affects osmotic pressure regulation, resulting in
a decrease in the moisture of E. sinensis edible tissues, while the higher protein content may
be due to the self-protection strategy adopted to resist the environment. Similar results
were also observed in Scylla paramamosain [30]. Female fattening in SW and AW had lower
crude protein compared with that of FW, implying that E. sinensis muscle tissue of different
genders was reflected differently under SW and AW.

4.3. Fatty Acid Composition

Fatty acid composition is an important indicator for the evaluation of the quality of ed-
ible aquatic species, especially essential fatty acids, and unsaturated fatty acid contents [25].
In this study, the concentrations of ) SFA significantly decreased, but the content of ) PUFA
significantly increased in male hepatopancreas from FW to SW and AW (p < 0.05). This
result was consistent with previous studies [15,17], which may explain why it is necessary
to improve membrane permeability to enhance the absorption of ions and maintain the
intracellular ionic balance. Hence, increasing Yy PUFA levels might be beneficial to the
intracellular and extracellular osmotic and ionic balance [15].

Balanced concentrations of fatty acids are essential for human health, which mainly
refer to a higher proportion of essential fatty acids (EFA) and LC-PUFAs [31]. In this study,
except for slightly low ) _EFA in SW female muscle, the } 'EFA contents of E. sinensis other
edible tissues fattening in SW were higher than those of fattening in FW, illustrating a higher
quality. DHA, EPA, and ARA are three important LC-PUFAs for human health, especially
fetuses, infants, adolescents, and pregnant or lactating women [32]. DHA and EPA can
inhibit the proliferation of tumor cells [33]. This indoor experiment demonstrated that
fattening in SW and AW could improve the DHA and EPA contents in male hepatopancreas
and muscle, which illustrated that salinity and alkalinity could regulate the accumulation
of DHA and EPA and promote endogenous biosynthesis. The internal mechanism may be
to increase the protein expression of the elongase of very long-chain fatty acid (Elovl) and
fatty acid desaturase (Fad) in the process of LC-PUFA synthesis [34,35]. However, through
the comparison between indoor and outdoor earthen pond cultures [4], our results support
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that the E. sinensis LC-PUFA accumulation mainly comes from exogenous food sources,
followed by endogenous biosynthesis.

Long-chain n-3 and n-6 PUFAs and their ratios (n-3/n-6) are also considered to be
significantly important for human health. The FAO/WHO [31] recommended that the
appropriate dietary n-3/n-6 PUFA ratio was 0.1~0.2. If the ratio was >0.2, it would be better
for human health [1]. The results in this study illustrated n-3/n-6 PUFA ratios of all the
E. sinensis edible tissues were >0.1, suggesting that fattening in SW and AW would not
affect the nutritional quality. However, compared with previous studies [1,4,11], a lower
n-3/n-6 PUFA ratio in hepatopancreas was observed in this study. This is likely attributable
to the black color in hepatopancreas of E. sinensis rearing in an indoor circulating aqua-
culture system because above 40% fatty acid parameters were significantly changed and
a lower n-3/n-6 PUFA ratio was found between normal color and black color in E. sinensis
hepatopancreas [36].

4.4. FAA Composition and TAV Analysis

It is widely known that FAA composition and concentration play a marked role in
nutritional and non-volatile flavor quality (taste) [5,25]. Generally, Asp and Glu contribute
to umami, and Ser, Gly, Thr, Pro, and Ala contribute to sweetness. His, Phe, Ile, and
Leu contribute to bitterness [4,16,25], while the taste of Arg relies on its concentration.
Regardless of gender, the present study showed that the } EFAA and ) _FAA contents of
E. sinensis edible tissues in hepatopancreas and muscle increased fattening in SW and
AW, which explained the higher nutritional quality. Similar results were also detected by
previous findings [17,37].

TAV is generally used as the most classical and objective method to determine the
taste intensity of a single compound in food and to evaluate its contribution to overall
flavor quality [37]. Compounds with a TAV > 1 were considered to significantly contribute
toward E. sinensis taste, while compounds with a TAV < 1 were considered to contribute
less [16]. This study showed that the compositions of main flavor amino acids are consistent
regardless of fattening in FW or saline-alkaline water, but the contents of the main flavor
amino acids are different. Similar changes have been confirmed by previous studies [16,17].
Glu, Ala, and Arg are likely the main compounds for the strong umami and sweet taste of
E. sinensis edible tissues. This result is similar to previous studies [4,5,16,17,25]. Although
Arg has a bitter taste, abundant Arg can enhance the persistence, complexity, and strong
sense of umami [38]. Even in Wang and Zhang’s research, Arg was directly listed as
a pleasant taste amino acid [16,37]. Studies have confirmed Arg’s great contribution to the
overall taste of aquatic products, and showed a positive correlation [16,39]. Previous studies
have argued that Pro, Ala, Gly, and Arg may be used as osmotic regulators for crustacean
exposed to salinity for extensive time periods [14], and this may be an important reason for
the above FAA changes in the process of fattening in saline-alkaline water. Further, some
obvious changes in FAAs were also detected in fattening between SW and AW. Although
Na™ was the common cation, different anions (salinity, C1~; alkalinity, HCO3 ) may have
led to the above differences. However, how salinity and alkalinity regulate the difference
in FAA content still needs further research.

5. Conclusions

In the present study, no significantly increasing or decreasing trend was observed in
GSI or TEY among FW, SW, and AW during the 55-day fattening period. Higher a* and b*
values of freeze-dried carapace were observed in the fattening between SW and AW. The
crude protein in gonad and male muscle, moisture in female muscle, and crude lipid in
male muscle increased significantly from FW to SW and AW. Better nutritional and flavor
values were also detected in male hepatopancreas and muscle. In summary, numerous
advantages of fattening in SW and AW were observed, including the improvement of
carotenoid accumulation in freeze-dried carapace, DHA, EPA, Y EFAA, }y FAA, and ) TUV
contents in male hepatopancreas and muscle. These results will be helpful in improving
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the quality of E. sinensis. However, the synthetic mechanism inside organisms needs to be
further studied.
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Abstract: To provide scientific support for improving the muscle quality of blunt snout bream,
ultrahigh performance liquid chromatography, texture analyzer, and optical electron microscopy
were applied to explore the effects of respite time (0, 24, 48, and 72 h) on the muscle quality of
blunt snout bream before live transportation. The energy compounds (ATP and glycogen) of muscle
significantly decreased with the respite time (p < 0.05). Lactic acid content declined and then increased,
leading to a rise and then a fall in pH (p < 0.05). Water-holding capacity of fish muscle increased
progressively when the respite time was increased to 48 h and then dramatically decreased when
the respite time was further increased to 72 h (p < 0.05). Shear force gradually increased (p < 0.05),
while the whiteness and lightness values remained stable (p > 0.05). Both the content of umami
compounds (IMP) and bitter compounds (HxR, Hx), and the calculated K value decreased steadily
with the respite time (p < 0.05). The extracellular gap of the fish muscles gradually decreased with
the respite time. The most uniform and intact cellular structure occurred at 48 h. However, when the
respite time was extended to 72 h, the extracellular gap and muscle fragmentation rate of the muscle
increased considerably. The findings indicated that a 48 h respite time was suitable to improve the
muscle quality of blunt snout bream after live transportation.

Keywords: blunt snout bream; respite time; live transportation; texture; cell structure

1. Introduction

At present, cross-regional logistics of freshwater fish is mostly undertaken using
live fish transportation vehicles equipped with oxygen and water tanks, to resolve the
issue of unbalanced supply and demand for fishing resources [1]. The live freshwater
fish is transported in closed containers with a restricted amount of water; thus, mucus
generated by fish and suspended particles in feces quickly contaminates water bodies [2].
Additionally, ammonia (a compound of fish metabolism) is dissolved after being expelled
via the fish’s gills. When the quantity of ammonia nitrogen exceeds 2 mg/L in the water,
fish may die [3]. Respite before live transportation of fish is one of the most practical
and effective methods for reducing transportation stress and increasing survival rates [4].
During the respite, the fish expel their excreta, thereby minimizing ammonia nitrogen
and odorous chemical buildup in the culture environment [5,6]. This will also reduce
metabolism rate and oxygen consumption during live transportation, lessen stress, and
ultimately boost survival time and rate [7]. Domestic and international research on respite
treatment has focused on its influence on ammonia nitrogen metabolism and survival time
of the fish during the live transportation [8-10].

The fish’s body is divided into four parts: the head, torso, tail, and fins, with the muscle
of the torso being the major part used as food [11]. Muscle quality affects customer’s
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acceptance, which ultimately determines economic value. Muscle quality (shear force,
water-holding capacity, color, pH of the muscle, etc.) is affected by the fish stress [12-14].
Yu et al. [15] discovered that feeding grass carp (Ctenopharyngodon idella) only by faba bean
(Vicia faba L.) enhanced hardness and elasticity of muscle greatly, which was due to the
diet stress. Acerete et al. [16] demonstrated that pre-slaughter anesthetics and exposure to
low temperatures reduced stress levels, which decreased lactic acid buildup in fish muscle,
and enhanced sensory (odor, gill, skin, and eye) scores in European perch (Dicentrarchus
labrax). Lv et al. [17] reported that purification treatment could improve muscle hardness,
flexibility, and water-holding capacity (WHC) of the grass carp muscle, along with decrease
the odoriferous volatile chemicals (nonanal and hexanal). Respite treatment has been
reported to reduce transportation stress. However, no studies have been conducted on the
impact of respite treatment on the muscle quality of fish after live transportation.

Blunt snout bream (Megalobrama amblycephala) is a type of bream widely farmed in
China. It is popular with customers due to its high protein and vitamin content and low-
fat content. Therefore, this study simulated the commercial transportation of live blunt
snout bream (short-time respite, capture, and live transportation). Additionally, ultrahigh
performance liquid chromatography, texture analyzer, and optical electron microscopy
were applied to investigate the effects of respite time on the muscle quality of blunt snout
bream after live transportation, in order to provide scientific support for improving the
muscle quality of blunt snout bream.

2. Materials and Methods
2.1. Materials

Blunt snout bream with an average length of 35.1 4= 1.39 cm and weight of 641.25 £+ 56.58 g
was obtained from a pond in Ezhou National Original Breeding Farm (Ezhou, China). The
water temperature in this pond was 16.68 °C, the dissolved oxygen was 12.49 mg/L, and
the pH was 8.14.

Anhydrous ethanol, sodium hydroxide, phosphoric acid, potassium dihydrogen phos-
phate, and HE dye suit were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Acetonitrile and methanol were purchased from Merck (Darmstadt, Germany).

2.2. Sample Preparation

All animal standard operation procedures were approved by the Animal Care and Use
Committee of Huazhong Agricultural University and performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Huazhong Agricultural University.
Blunt snout bream of uniform size and health status were respited (0, 24, 48, 72 h) in a
netbox (6 m x 1 m x 1 m) at 3 m offshore, with the bottom of the net box 0.5 m from the
lake bottom. At the end of each time period of respite, blunt snout bream (10 samples)
was captured from the net box and transferred to a plastic box (54.5 cm x 37 cm x 34.5 cm)
with a doubled amount of water (water from the same pond) according to their weight,
and ice bags were added. The live blunt snout bream were transported to the laboratory
within 2 h, and then the boxes were transferred to a simulated transport platform (DK-5024,
Starshow Intelligent Equipment Co., Ltd., Xiamen, China) for further transportation un-
der a vibration frequency of 120 r/min. During the whole transportation process, the
water temperature was maintained at 10 & 3 °C and dissolved oxygen at >10 mg/L. The
transportation procedure and conditions adopted in the experiment were referenced to the
commercialization model of transporting blunt snout bream in China [1].

2.3. Lactic Acid and Muscle Glycogen

Lactic acid and muscle glycogen content were determined by kits (A019-2-1/A043-1-1,
Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China). At 620 nm, glycogen
was detected, whereas lactic acid was detected at 530 nm. Three samples were used in the
determination for each treatment.
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2.4. pH

The electrode of an insertion pH meter (TESTO 205, DETO Instruments International
Trading Co., Ltd., Shanghai, China) was inserted into the fish muscle, and the pH value of
the dorsal muscle of the blunt snout bream was shown on the display. Six samples were
used in the determination for each treatment.

2.5. Water-Holding Capacity

Water-holding capacity was measured according to the method of Subbaiah [18] with
slight changes. About 3 g of fish muscle was weighed and wrapped in a double layer of
qualitative filter paper and centrifuged at 4000 rpm for 15 min. The water-holding capacity
was expressed as the ratio of the sample mass before and after centrifugation. Six samples
were used in the determination for each treatment.

2.6. Color

Color was measured according to the method of Shi et al. [19] with slight changes.
The dorsal muscle of blunt snout bream was cut into cubes (20 mm x 20 mm x 10 mm),
and L* a* and b* values were recorded using a portable colorimeter (CR-400, Konica
Minolta, Tokyo, Japan). Muscle samples without respite (0 h) were used as a reference for
AE calculation. Six samples were used in the determination for each treatment.

W =100 — \/(1007L*)2+u*2+b*2 1)

AE=\/AL? 4+ Aax? + Db @

where W indicates the whiteness of the sample; AE indicates the total color difference; L*
value indicates the lightness of the sample: positive a* represents red, negative a* represents
green, positive b* represents yellow, and negative b* represents blue (based on AMSA Meat
Color Measurement Guidelines, 2012).

2.7. Shear Force

Shear force was measured according to the method of Shi et al. [19] with slight changes.
The dorsal muscle of blunt snout bream was cut into 20 mm x 20 mm x 10 mm cubes. Cubes
were cut perpendicular to the direction of muscle fibers at a speed of 60 mm/min using a
texture analyzer (SD-700, Akiyama Technology Co., Ltd., Dongguan, China) equipped with
ablade (15 mm in diameter). After cutting, the shear force was recorded as the maximum
force (g). Ten samples were used in the determination for each treatment.

2.8. ATP-Related Compounds

Separation and identification of samples were performed using ultrahigh performance
liquid chromatography (Acquity UPLC-H Class, Waters Corporation, Milford, MA, USA),
according to Liu [20]. The separation was performed on an ACQUITY UPLC BEH Amide
(1.7 um, 2.1 mm x 100 mm, Waters) column. The mobile phases were acetonitrile,
10 mmol/L sodium dihydrogen phosphate, and 0.1% (v/v) aqueous phosphate solution; the
gradient system consisted of varying concentrations of mobile phases A, B, and C (0-6 min,
88-80% A, 7-17.5% B; 6-8 min, 80-77% A, 17.50-22% B; 8-9 min, 77-65% A, 22-35% B;
9-10.7 min, 65-55% A, 35-45% B; 10.70-10.80 min, 55-88% A, 45-7% B; 10.80-23.00 min,
88% A, 7% B). The chromatographic separation conditions were set as follows: column
temperature 50 °C; flow rate 0.5 mL/min; injection volume 5 uL. Based on ATP-related
compounds, the K value is usually calculated as the percentage rate of HxR and Hx to the
sum of ATP and degradation products. Three samples were used in the determination for
each treatment.

Hx + HxR

K= ATP + ADP + AMP + IMP + Hx + HxR

x 100% 3)
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2.9. Morphological Observation

Morphological observation was carried out according to the method of Shi et al. [19]
with slight modification. The dorsal muscle was fixed with 4% paraformaldehyde solution
overnight. The fixed sample was sliced in paraffin, dewaxed, stained with hematoxylin
eosin, dehydrated, and sealed. The processed samples were scanned panoramically with
an optical microscope (EclipseCi, Nikon, Tokyo, Japan) and displayed using a Pannoramic
Viewer (1.15.3, 3DHISTECH Ltd., Budapest, Hungary). The magnification of scanned
images was adjusted to 100 times. Three samples were used in the determination for
each treatment.

2.10. Statistical Analysis

SAS software (V8, SAS Institute Inc., Cary, NC, USA) was used for statistical analysis
by one-way ANOVA. The significance method was LSD (least significant difference), and
the detection limit was 0.05.

3. Results
3.1. Muscle Glycogen

As shown in Table 1, the muscle glycogen content of blunt snout bream decreased
considerably as respite time increased (p < 0.05). Without respite (0 h), the glycogen content
of blunt snout bream muscle was 0.62 mg/g. The increase in the respite time to 24 h resulted
in a significant decrease in muscle glycogen to 0.49 mg/g (p < 0.05). When the respite time
was extended to 48 h, muscle glycogen decreased to 0.44 mg/g, although there was no
significant difference in comparison to 24 h (p > 0.05). A 72 h respite time resulted in a
significant decrease in muscle glycogen to 0.34 mg/g (p > 0.05). At 72 h, muscle glycogen
dropped by 45,16% in fish muscle compared to the sample without respite (0 h).

Table 1. The effect of respite time before live transportation on muscle glycogen, lactic acid, and pH
of blunt snout bream (n = 3 for each respite time).

Respite Time (h)  Muscle Glycogen (mg/g)  Lactic Acid (mg/g Protein) pH
0 0.62 + 0.06 2 3.77 £0.17 2 6.71+0.10¢
24 0.49 +0.00° 322 +£0.19° 6.87 £0.08°
48 0.44 +0.00° 2904+ 0.17° 6.98 4 0.05 2
72 0.34 £ 0.03¢ 3204 0.16° 6.8540.05°

Notes: different lowercase letters in the same column indicate significant differences (p < 0.05).

3.2. Lactic Acid

The lactic acid content of blunt snout muscle decreased as respite time increased,
from 3.77 mg/g protein at 0 h to 2.90 mg/g protein at 48 h, and subsequently increased
to 3.20 mg/g protein at 72 h (p < 0.05). The content of lactic acid in muscle of blunt snout
bream after respite was significantly lower than that without respite (0 h). After 48 h of
respite before live transportation, their muscles had the lowest amount of lactic acid, at
2.90 mg/g protein (Table 1).

3.3. pH

The muscle pH of blunt snout bream increased significantly from 6.71 to 6.98 as the
respite time extended from 0 h to 48 h (p < 0.05). The muscle pH of blunt snout bream
significantly decreased to 6.85 (p < 0.05) after live transportation when the respite time
continued to increase to 72 h (Table 1). Muscle pH was significantly higher in blunt snout
bream after different times of respite (24, 48, and 72 h) compared to that of sample without
respite (0 h) (Table 1).
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3.4. Water-Holding Capacity

After live transportation, the water-holding capacity of blunt snout bream without
respite (0 h) was 71.77%. After 24, 48 and 72 h of respite, the muscle water-holding capacity
of blunt snout bream increased to 80.45%, 82.56%, and 79.59%, respectively (p < 0.05). The
water-holding capacity decreased considerably (p < 0.05) after 72 h of respite as compared
to 48 h, but was significantly greater than that without respite (0 h) (Figure 1).

b a b

o - 3
= =1 =1

Water-holding capacity %

w
=1

40

0 24 48 72

Respite time / h

Figure 1. The effect of respite time before live transportation on water-holding capacity of blunt
snout bream. Different lowercase letters indicate significant difference (p < 0.05).

3.5. Color

Table 2 illustrates the effect of respite time before live transportation on the muscle
color of blunt snout bream. The lightness (L*) and whiteness (W) of blunt snout bream
muscles did not substantially change as respite time increased (p > 0.05). Without respite
(0 h), the redness (2*) and yellowness (b*) values of blunt snout bream muscles were 0.75 and
1.82, respectively. They were significantly higher than the a* and b* values of blunt snout
bream muscles after respite (24, 48, and 72 h) before transportation (p < 0.05). Furthermore,
the a* and b* values of blunt snout bream muscle did not change significantly after 24-72 h
respite time (Table 2).

Table 2. The effect of respite time before live transportation on muscle color of blunt snout bream

(n = 6 for each respite time).

Respite Time (h) L* a* b* w AE
0 51.18 + 1.80 2 0.75 + 0.27 2 1.8240.88° 51.13 + 1.78 2 0.00
24 5134 +1.832  —0.34+010°> —-036+015" 51.33+1.832 2.89 + 0.69
48 4947 £0.692 0374019  —1.06+049>  49.46 +0.692 3.56 & 0.68
72 509541192  —0374+0.19°> —1.03+032" 5093 +1.19°2 3.26 +0.32

Notes: different lowercase letters in the same column indicate significant differences (p < 0.05). W: whiteness;
AE: the total color difference; L*: lightness; a*: redness; b*: yellowness.

3.6. Shear Force

As shown in Figure 2, the shear force increased significantly as the respite time
increased (p < 0.05). The muscle shear force of blunt snout bream without respite (0 h) was
486.64 g, which increased to 538.35 g when the respite time was 24 h. It increased to 595.29
and 759.50 g after 48 and 72 h of respite, respectively. Compared with 0 h, the shear force
increased by 56.07% after 72 h of respite (Figure 2).
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Shear force / g

0 24 48 72
Respite time / h

Figure 2. The effect of respite time before live transportation on shear force of blunt snout bream.
Different lowercase letters indicate significant difference (p < 0.05).

3.7. ATP-Related Compounds

As shown in Table 3, the ATP content of muscle from blunt snout bream without respite
(0 h) was found to be 25.81 mg/100 g. However, ATP was not detected in the muscles of
blunt snout bream with respite (24, 48, and 72 h), showing that the muscle ATP content
was low and almost totally degraded. With increasing respite time, the energy compounds
ADP and ATP in muscle decreased significantly, from 41.34 and 10.09 mg/100 g to 29.96
and 0.38 mg/100 g, respectively; the umami compounds IMP decreased significantly from
435.43 to 383.01 mg/100 g, and the bitter compounds HxR and Hx decreased significantly
from 25.37 and 4.01 mg/100 g to 13.07 and 2.17 mg/100 g, respectively (p < 0.05).

Table 3. The effect of respite time before live transportation on ATP-related compounds of blunt
snout bream (n = 3 for each respite time).

Respite Time (h) ATP ADP AMP IMP HxR Hx K Value
0 25.81 + 0.41 4134 +032 10.09 + 0372 43543 41582 253740497 4.01+0.562 5.87 +£0.132
24 - 38.02 +2.06 8.20 4+ 1.00° 397.76 = 048>  16.44 +0.78"° 3.19+0.30" 420+0.12°
48 - 35.08 + 1.55¢ 1.95 4+ 0.95¢ 389.11+£033¢ 1448 +252P¢ 311 +0.38¢ 3.94 + 0.64°
72 - 29.96 + 0.64 4 038+0219  383.01+0189  13.07+1.86¢ 217 +0.06 4 351 +041°

Notes: different lowercase letters in the same column indicate significant differences (p < 0.05). ATP: 5'-adenosine
triphosphate; ADP: 5'-adenosine diphosphate; AMP: 5'-adenosine monophosphate; IMP: inosinic acid;
HxR: inosine; Hx: hypoxanthine; K: freshness.

The K value of fish meat was less than 10% after 0, 24, 48 and 72 h of respite. Moreover,
the K value of the sample without respite (0 h) was significantly higher than those after 24,
48, and 72 h of respite (Table 3).

3.8. Morphological Observation

The cross-sectional cytoarchitecture of blunt snout bream muscles with different respite
time is shown in Figure 3. The dorsal muscle cells of blunt snout bream were irregularly
polygonal in cross-section, with cells closely adjacent to each other. When the respite
time was prolonged from 0 to 48 h, the extracellular space in the muscle of blunt snout
bream progressively decreased. At 48 h, the cells were the most intact and full. However,
when the time of the respite was increased to 72 h, the densely coupled cells progressively
disengaged and the extracellular distance expanded substantially (Figure 3).
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Figure 3. The effect of respite time before live transportation on cross-sectional cytoarchitecture of
blunt snout bream: (a) 0 h, (b) 24 h, (c) 48 h, and (d) 72 h. Muscle fiber microstructure with 100 times
magnification.

4. Discussion

During the live transportation, water is polluted due to the physiological and metabolic
activities (respiration and excretion) of fish. After the deterioration of water quality, fish
undergo an intense stress response, which affects their survival rate and muscle quality.
Ammonia nitrogen in transportation waters comes mainly from the fish’s own nitrogen
excretion and degradation of nitrogenous organic matter such as feces [21]. When the
ammonia nitrogen content of water is too high, nonionic ammonia competes with oxygen
for hemoglobin, resulting in fish tissue hypoxia [3]. In addition, it may cause damage to
the fish’s liver and renal tissues, resulting in edema, congestion, and inflammation, which
may even lead fish to unconsciousness and death [22]; Additionally, it may increase the
quantity of reactive oxygen species (ROS), resulting in oxidative stress, impairing muscle
cell function of fish, and possibly triggering death [23].

The carbohydrates in the bait provide the major energy for blunt snout bream. During
the pre-stop feeding period (respite), blunt snout bream might retain a tiny quantity of
undigested leftover bait in their bodies. When bait was depleted, they were unable to obtain
carbohydrates. To maintain normal physiological functions, the fish would preferentially
use glucose stored in the form of glycogen; when glycogen in the body was depleted, they
would use muscle fat; and when severely starved, they would even break down muscle
protein [23,24]. Therefore, the muscle glycogen content of blunt snout bream gradually
decreased with the increase in respite time, and the sample with respite showed significantly
lower glycogen content than the blunt snout bream without respite (Table 1). This result
is consistent with Einen et al. [25]. Changes in the amount of ATP and its metabolic
products can be indicative of changes in fish muscle energy [26]. ATP is synthesized during
phosphagen (ATP-Pcr), glycolysis, aerobic oxidation, etc. [27]. ATP was detected only
in the sample without respite, at 25.81 mg/100 g (Table 3). The content of ATP-related
compounds, including ADP, AMP, IMP, HxR, and Hx, decreased significantly with the
increase in respite time (p < 0.05). It was probable that the blunt snout bream could not
obtain carbohydrates during the respite to replenish energy. Thereby, the glycogen content
of muscles progressively diminished, resulting in an ATP breakdown rate exceeding the
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synthesis rate [28]. Increased ATP catabolism led to its continual breakdown to ADP, which
was then broken down further by myokinase to ATP and AMP. By the action of AMP
deaminase, AMP was degraded to IMP and ammonia, and IMP accumulated in muscle.
The umami compounds are mainly amino acids, nucleotides, and peptides. The nucleotides
of AMP and IMP both are umami compounds that contribute positively to the flavor of fish.
However, further degradation of IMP produces bitter compounds such as HxR and Hx.

After being aroused by stressors such as hunger, shock, and crowding, muscular
activity (swimming, wrestling, and escape behaviors) of the blunt snout bream increased,
which accelerated the consumption of energy compounds in the muscles, and consequently
changed the fish’s physiological metabolism. In order to sustain normal physiological
function, the fish might activate anaerobic glycolysis and the phosphocreatine pathway
to synthesize ATP. Glycogen was degraded in muscle through glycolysis to pyruvate,
which was then converted to lactate under anaerobic and lactate dehydrogenase conditions,
resulting in lactate accumulation in the muscle. The muscles of the blunt snout bream that
had been respited before transportation showed a low lactic acid level (Table 1). This might
be because the respite slowed ammonia metabolism and emptied the fish’s excretion, which
contributed to alleviate blunt snout bream’s stress during harvesting and transportation. As
a result, it attenuated the anaerobic glycolytic response, and decreased lactic acid buildup.
However, at 72 h respite time, the ATP-relatives and glycogen levels in fish muscles were
low. In this case, the fish was short of energy to maintain life activities, which might weaken
the capacity for adapting to the new environment [29]. During live transportation, blunt
snout bream with too long a respite time (72 h) were more susceptible to ammonia [9],
which exacerbated stress response. The lactic acid content increased while muscle glycogen
content decreased, which might be caused by anaerobic metabolism (Table 1). The pH of
muscle was closely related with the content of lactic acid, i.e., the accumulation of lactic
acid led to the decrease in pH. As a result, the pH of blunt snout bream progressively
increased as the respite time was prolonged to 48 h. When the respite time continuously
rose to 72 h, the muscle pH decreased (Table 1). Additionally, the change in pH might be
related to the creatine content. When the respite time was increased to 72 h, the activity of
creatine kinase converted phosphocreatine and ADP to ATP and creatine, which may cause
the decrease in pH [27].

The pH of muscle has an impact on the net surface charge of myogenic fibronectin.
When the pH of muscle is low, the number of net charges on the surface of myogenic fibrous
proteins is less, which generally corresponds to a lower water-holding capacity of muscles.
The water-holding capacity of the fish muscle is also related to the cell structure, i.e., muscle
with intact and homogeneous structure has a high water-holding capacity. After 24-72 h
of respite, the cellular structure of blunt snout bream cells was obviously denser than that
without respite. However, the cellular structure of blunt snout bream muscle transplanted
after 72 h was more porous than that after 48 h of respite (Figure 3). The water-holding
capacity of the blunt snout bream’s muscle increased dramatically when the respite time
was prolonged from 0 to 48 h. When the respite time was increased to 72 h, the muscle
water-holding capacity fell marginally. The changes in cellular structural might be related
to the muscle fiber injury and muscular atrophy mediated by the stress response [30,31]
and elevated concentrations of reactive oxygen species (ROS). When fish are stressed,
the concentration of reactive oxygen species (ROS) rises, prompting an oxidative stress
response in the fish. Increased ROS levels may cause lipid peroxidation and the release of
intracellular components (lysosomal enzymes) from muscle cells, which damage the cell
membrane and cause cells to break apart [32]. Additionally, the ROS interfers with calcium
binding and myogenic fibrin breakage in muscle, weakening actomyosin interactions and
leading to a decrease in muscle fiber diameter [15].

The shear force of blunt snout bream muscle increased as the respite time increased,
which might be mainly associated with the changes in muscle cell structure [33,34]. Excreta
such as ammonia excretion and feces from blunt snout bream without respite (0 h) might
severely contaminate the water, resulting in increased stress in blunt snout bream. The
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stressor stimulates receptors in the hypothalamus, resulting in hormonal and electrical
signals that activated the hypothalamic—pituitary—adrenal axis, causing it to release gluco-
corticoids. The nuclear transcription factor NF-kB might be activated as the glucocorticoid
production rises, which might result in cell autophagy and death, as evidenced by the
ruptured cells [31]. Respite might reduce metabolism rate and oxygen consumption, which
leads to lower stress response intensity and weaker cellular damage in the fish during
transportation. After the blunt snout bream was subjected to respite treatment before live
transportation, the fish might use the fat in the muscle to maintain normal physiological
metabolism since it was short on carbohydrate sources. Therefore, significant increases
in muscle shear force in blunt snout bream might be a result of muscle lipid depletion as
well [35].

The redness and yellowness values of the muscles of blunt snout bream with respite
(24, 48, and 72 h) were significantly lower than those without respite (0 h), which might be
related to the lower level of stress during live transportation. When fish were stressed, their
muscular tissues became congested [36], affecting the color of the muscles. Additionally, as
the stress response was intensified, the fish muscle contractions were accelerated, affecting
the capacity of astaxanthin and canthaxanthin to bind actinomycin acid [37]. This might
change the redness value and the yellowness value of the muscle.

5. Conclusions

With respite time at 24 and 48 h, the muscle quality of blunt snout bream obviously
improved, but it declined when the respite time was extended to 72 h. The improvement
of muscle quality could be mainly attributed to the benefits of bait during the respite
(< 48 h), which promoted fish evacuation of digestive tract waste. It might effectively
alleviate the fish stress during live transportation. As a result, water-holding capacity and
freshness (indicated by K value) increased; shear force increased significantly. However,
prolonged respite led to the consumption of stored energy substances (such as glycogen). It
might lead to increased stress injury, which could be confirmed by the results of structural
changes in muscle cells. Consequently, the water-holding capacity decreased significantly.
This research demonstrates that it is suitable to transport live blunt snout bream after
48 h of respite.
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Abstract: Fish and fishery products are among the most important sources of nutritional components
for human health, including high-quality proteins, essential vitamins, minerals, and healthy polyun-
saturated fatty acids. Fish farming and processing technologies are continuously evolving to improve
and enhance the appearance, yield, and quality of fish and fish products from farm to fork throughout
the fish supply chain, including growth, postharvest, treatment, storage, transportation, and distri-
bution. Processing of fish involves a period of food withdrawal, collection and transportation, the
process of stunning, bleeding, chilling, cutting, packaging, and byproduct recycling. Cutting is a set
of crucial operations in fish processing to divide the whole fish into smaller pieces for producing fish
products (e.g., fish fillets, steaks, etc.). Various techniques and machinery have been introduced in
the field to advance and automate cutting operations. This review aims to provide a comprehensive
review of fish cutting techniques, machine vision and artificial intelligence applications, and future
directions in fish industries. This paper is expected to stimulate research on enhancing fish cutting
yield, product diversity, safety and quality, as well as providing advanced solutions for engineering
problems encountered in the fish industry.

Keywords: fish cutting; fish processing; waterjet cutting; machine vision; artificial intelligence

1. Introduction

Fish production is a multibillion-dollar industry worldwide since seafood is one of the
major food recourses which create billions of dollars of value per year. Studies have been
carried out to discuss the fishery and the related techniques in different countries [1-3].
According to the latest data from Food and Agriculture Organization, total world fisheries
and aquaculture production reached 177.8 million tons in 2020, with an increase of 9.3%
compared with 2010, and at an estimated sale value of USD 406 billion [4]. Due to the high
prices of fish products and the varying needs of the consumer, it is critical to carry out the
fish-processing tasks such that the end product is of high quality. Fish processing is the
process that turns the raw fresh fish into fish products we can buy in the market or use
in manufacturing other fish-related products [5]. The typical fish processing begins right
after the capture of fish. It involves fish receiving (capturing), stunning, bleeding & chill-
ing, grading, deheading (beheading), scaling, filleting, skinning, trimming & portioning,
mincing, byproduct recycling, and packaging [6-8]. Briefly, once the fish is captured, the
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sorting of different species will be conducted. Then, the fish is transferred to the nearest
processing facilities, followed by stunning and grading according to the size and quality of
the fish. The stunned fish is bled and washed off by clean circulating water. After bleeding,
the fish is chilled and then gutted. The bleeding and chilling process can lower bacteria
and enzyme activity to extend shelf-life and quality [9,10]. The gutting process will remove
the inter organs and clean the body cavity [11]. Then the fish is further scaled, beheaded,
filleted, and skinned to produce fish fillets. The fish fillets need to be trimmed, portioned,
sliced into pieces, or minced, depending on the requirement of the final products. The
byproduct during the gutting and cutting steps will be collected for other use [12]. Among
these processing works, cutting steps play major roles since they involve deheading, fillet-
ing, trimming, skinning, and portioning. Hence, the study and discussion of the cutting
methods are important for the development of the fish industry.

Fish processing makes the major waste of fish come from the “butchering of fish,”
during which the fish are gutted and cut into fish products. This process involves the
removal of non-edible portions like viscera, head, and tail that would cause up to 70% loss
of fish, which is partially caused by inefficient cutting operations. In traditional fish cutting,
humans played a significant role since the cutting process was completed via laborers using
knives [13]. Like other food industries, fish cutting used to be labor-intensive. However,
fishery operation is seasonal, which leads to difficulty in maintaining experienced laborers.
Moreover, the routine and stinking environment of fish cutting somehow discourage the
workers” morale. Therefore, it is desirable to increase the application of automation in the
fish-cutting process for higher productivity and economic benefit [14]. The most commonly
employed method for cutting fish is to use metal blades [13,15-17]. In the past three decades,
research about automatic fish cutting mainly focused on how to preciously (1) detect the size
of the fish [18], (2) position the fish head [19], (3) decrease the waste of raw fish [20,21], and
(4) reduce the error rate of the automatic system [22]. Metal blade cutting is indeed effective in
cutting operations and cost-efficient in terms of equipment maintenance. However, the force
applied for cutting reduces the quality of sections. The considerable amount of cutting debris
also leads to a large waste of raw fish [23]. Efforts have been invested in investigating and
optimizing the cutting mechanism [24], cutting performance, processing speed, motor power,
and processable fish species [25]. However, the potential heavy metal food contamination is
expected under the existence of an aqueous medium [26].

Novel techniques have been invented to overcome the drawbacks of metal blade
cutting. Water-jet cutting is a well-developed cutting technique which frequently applied
in various industries. Recently, it has been largely applied for food cutting, including
fish [27]. The rheological properties of fish meat are significantly different from common
workpieces such as metal, rock, or wood [28]. With the aid of developing automatic robotic
arms, waterjet cutting is believed to be faster and able to handle fish meat with bone, skin,
and fiber together with fewer bone shatters and bleeding [29,30]. Compared with knife
cutting, waterjet cutting exhibited advantages in cutting efficiency and quality for food
processing [31]. This method mainly utilizes the high pressure of the waterjet coming
through a die with a certain shape to separate the workpieces [32]. To enhance the cutting
performance, certain abrasives are added to the water [33,34]. The modern waterjet cutting
machine can cut intricate shapes with high precision [24]. It has the capability to operate
at low temperatures, which is very important for fish cutting [35]. It is believed that
waterjet cutting will become one of the major cutting methods in the food industry [8]. To
further reduce the reliance on manual work, the machine vision technique has been widely
utilized in modern fish automation processing systems. The machine vision technique
implements optical sensors to monitor the status of fish processing. In most instances, the
images of the fish’s body should be acquired, stored, and analyzed. The useful information
would be extracted by the machine vision algorithm for fish processing lines, like species,
fish size, and body shape [36]. In the fish-cutting processes, such as de-heading and
filleting, facilities require precise identification and segmentation of fish bodies. Inspired
by the outstanding image process performances of artificial intelligence (Al), modern fish
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automation processing systems are gradually employing Al algorithms to identify the
patterns of fish bodies and guide the subsequent fish-cutting processes [37].

In this review article, we considered these focused questions: what kind of advanced
technologies are used at present and being considered for fish-cutting operations? How to
improve the fish-cutting yield, quality, and efficiency? How to realize fish-cutting automa-
tion? Initially, several major scientific databases, including Web of Science, IEEE Xplore,
ScienceDirect, Google Scholar, and Springer, were searched to collate the literature. Then
we deselected some databases with limited and repeated articles since the databases with
broader coverage may cover the articles coming from the other databases with limited
and repeated articles. Finally, this review considered three mainstream scientific databases
(IEEE Xplore, ScienceDirect, and Google Scholar) and one open-access database (arXiv).
For the search strategy and inclusion criteria, we first searched the databases with individ-
ual keywords such as “waterjet fish cutting,” “automatic fish cutting,” “robotics for fish
deheading,” “automatic fish trimming,” “fish cutting machine design,” “machine vision
in fish cutting,” and “artificial intelligence in fish cutting.” Then similar keywords were
grouped with AND as search string combinations, like “fish-cutting yield optimization”
AND “fish-cutting quality assessment,” and “image processing in fish-cutting” AND “com-
puter vision applications of fish processing.” The keywords in diverse fields were also
grouped with OR, such as “automation technologies for fish processing,” OR “robotic
trimming of fish fillets,” and “deheading cuts used in fish processing” OR “fish-skinning
machine design.”

Although there are some review papers focusing on advanced cutting techniques for
solid food [38] and fish processing automation [8], there is no paper, especially reviewing
the cutting techniques for fish. The uniqueness of this paper is focusing on fish cutting
steps (deheading; filleting, skinning, portioning, and trimming) and their corresponding
cutting mechanism and techniques, blade design, and performance effect factors. Other
related advanced technologies (waterjet cutting, machine vision and Al) are also presented
with their applications in fish cutting. Finally, fish cutting machines and technologies and
future perspectives are described and summarized.

” o

2. Modern Fish Cutting
2.1. Metal Blade Cutting Machines

Metal blade cutting is the most widely used cutting method in the fish industry. In the
fish processing line, the deheading of fish is usually the first cut operation. The purpose
of this operation is to separate the high-value fillets from the relatively low-value head.
To maximize the commercial values, the deheading machines should leave the maximum
amount of meat on the fillet and ensure no part of the fish gills, and the head skeleton
is included in the fillet [39—42]. The main deheading position can be classified into four
classes, as shown in Figure 1, namely straight cutting, slant cutting, V-cutting, and round
cutting along the gill area [43,44]. Commercial machines, like Baader 166, have been used
in industry and research [39]. Buckingham et al. [40] designed a robotic solution for fish
deheading called Robofish 2. The V-cutting was performed in this machine. To perform
the optimum cutting, the shape of the fish changed during the deheading process. The
fish was in a back-down position when it arrived. Then the head was gripped and bent to
allow the metal blades to cut the flesh. An in-line weighing component was built-in this
deheading machine to perform a unique cutting for each fish. Therefore, the Robofish 2
could have high cutting reliability. Ketels [41] designed a machine that could align the fish
in a row in the same direction. A cutting blade driven by a motor can perform straight or
slant cutting in the desired direction with the help of a designed pressure part. Rodriguez
and Martinez [45] developed a method to perform round cutting for the fish silhouette. The
round cutting can follow the operculum’s edge to acquire the lowest meat loss. Similar to
large fish cutting, deheading is the initial cutting process for small-sized fish, like sardine,
horse mackerel and mackerel. However, due to the large size deviation, the deheading
machines for small-sized fish need to be redesigned to increase production efficiency. The

79



Foods 2022, 11, 3206

() 1(a)
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SEAC FPM-200, which is mainly designed for cutting small-sized fish for canning, aligns
several small-sized fish and performs deheading simultaneously [46]. PN-200 of Pisces
Fish Machinery Inc. is designed to remove head and viscera for small fish like Sardine,
Anchovy, Smelt and others under 200 mm in length.

() (d)

Figure 1. Schematic illustration of fish de-heading position: (a) Straight cutting, (b) Slant cutting,
(c) V-cutting, and (d) Round cutting along the gill area.

For the filleting operation, as the majority of fish is symmetrical, each procedure is con-
ducted with a pair of symmetrical knives. Modern filleting machines are fast, customized
to individual fish species, and simple to adjust for various fish sizes. Currently, some
machines for producing high-yielding fillets have the capability to handle short-bodied
fish species, including salmon, tilapia, trout, croaker, arctic char, bar ramundi, snappers,
walleye pike, and striped bass [47,48]. Therefore, these machines could achieve higher
yields compared to traditional human-based filleting. The design of automatic machines is
flexible. However, if the shape or size of feeding fish is out of the designed working range of
filleting machines, it could result in reduced yield and even damage the fish and waste the
fillets. During the filleting process, the backbone and fins are removed normally. Based on
the product’s specifications, if all the intermuscular bones are required to be removed, it is
known as V-cut fillets, which could result in lowering yield (as much as 25%) [49]. Different
machines were designed using metal blades to perform fish fillet cutting [50-54]. The main
concept is to fix the fish without head and guts in a stable position. Then the blades are
implemented to cut the meat from the frame bone. To minimize the meat waste during the
filleting process, several blades would be designed into the system, and each of them is
configured to cut a distinct segment. For example, a filleting system is designed, as shown
in Figure 2 [50]. An endlessly rotating transport conveyor with saddle-shaped support
bodies was designed to receive the fish and convey them along the transport direction [55].
In this design, the first two circular blades (tools 17 and 18) were designed to remove the
dorsal fin. Then based on the bone structure of the fish, the angle of the following four
blades (tools 9-11) could be adjusted to cut fillet meat. Specialized methods and systems
designed for processing some common fish species, such as salmon, integrate and enable
deheading, filleting, and gutting in a particularly reliable and efficient manner [56-58].
Besides, fillet gapping is a significant problem for the filleting process. It is different for
fillets with gapping to be processed and sold. Although the causes of fillet gapping are
not well understood, some actions could reduce the possibility of gapping, like rapid
cooling, harvesting fish in a rest state, minimal harvest handling, season, rapid expedition
to the market, etc. [49,59,60]. Production yield is a metric to evaluate the performance
and effectiveness of an operation in the production lines. The fillet yield depends on the
species and the structural anatomy. Fish with large heads and frames compared to the
musculature would have a lower yield than the ones with smaller heads and frames. The
well-chilled fish can result in a higher yield than fish at room temperature. The fish filleting
machine, PASFF-110, manufactured by Peruza, is designed for small-sized fish, such as
sprats, anchovies, capelin and other fish in 9-14 cm [7,61]. It could make “butterfly” type
or single fillets or cut off the belly as needed. The TOYO-167 from TOYO SUISAN KIKAI is
designed for fillet-cutting small-sized fish, like sardine, horse mackerel, and mackerel pike.
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Figure 2. The representation of filleting machine for fish of Siluridae species (Braeger and Scherch, 2001).

Fish skinning machines are equipped with metal blades as well. Traditionally, the
de-skinning processes could be conducted by gas flame (substation of NaOH and HCI) or
steam [62]. In recent years, the mechanism of most fish skinners would press the fillets
on the blades to remove the skin from the fillets [63]. A typical fish skinner consists of a
feeding device, a dispatching device, a rotationally-driven separation device with a driver
roller, and a main blade for removing the fish skin. The cutting gap between the main blade
and the driver roller can be controlled by detecting fish fillet size [64,65]. To get a better
quality of the fillets as value-added products, the deep-skinning process can remove the
skin with a layer of subcutaneous fat [66,67]. Due to the relatively simple structure, some
fish skinning machines are small and can be placed directly on the processing table. The
well-known fish skinning machines are mainly from Baader, Cretel, Nock, and Trio [68].
Joensen and Olsen [69] compared the skinning machine Baader 51 and Trio FDS 105. The
differences between these two skinning principles are the fillet feeding direction and
skinning temperature. The fillet should be fed into the Baader 51 with the skin side down
and Trio FDS 105 with the skin side up. In the Trio FDS 105, the skin would be frozen to a cold
drum and then cut by the rotating blades. The Baader 51, like most skinners, used a drum to
press the fillet to the blades. The results indicate that the fillet gapping increased after using
FDS 105 compared with Baader 51. Arnporsdéttir et al. [70] compared Baader 51 and Skaginn-
skinner S3 machines. The super-chilled fillets using Skaginn S3 with Combined Blast and
Contact (CBC) technique could have fewer gapping issues and fresher appearances. However,
the fish skinning machines are also shown potential damage. Waterston and Holmes [71]
studied the hand trauma caused by fish skinning machines. For small-sized fish, the ST600V
and ST700V from STEEN can be implemented to remove small-sized fish skin.

To satisfy the specifications of a fish product, the fillets are trimmed and portioned.
The trimming operations are aimed at removing the defects and unwanted regions of
fish (bones, fin, belly fat area, etc.) and correcting the shape of the fillet [7]. In the au-
tomatic fish processing lines, machines are designed for trimming operations. Baader
988, a well-known high-speed auto-trimming machine in the industry, was studied by
@rnholt-Johansson et al. [72]. Based on the requirements, the trimming machine imple-
ments rotatory blades to cut the fillets according to pre-set demands. They found that the
Baader 988 could achieve 88.0% =+ 9.3% weight of fed salmon fillets. After that, fillets can be
further portioned to create various products. Because the different parts of a fillet represent
the different qualities of meat, the portioning operation is necessary for commercial benefit.
The loin is thought to be the most valuable part of the fillet. Usually, the belly flap would
fetch the lowest price. Commonly, the cod fillets are portioned in loins, centercuts, belly
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flaps, and tails. Mathiassen et al. [73] introduced machines in automatic fish processing
lines. The Marel I-Cut line of products are metal knife-based portioning machines. The
control system of them could change the cutting angle and speed based on the weight
or dimensions of feeding non-frozen fillets. Slicing fish fillets is also included in some
industrial production lines [7]. Thicker fish fillets can be further sliced with a horizontal
slicing motion [74,75]. Whole fish can be vertically sliced or cut to produce fish steak with
bone inside [76,77]. The measurements and estimation of weight and volume have been
applied as a solution for slicing portions of whole fish and fish fillets [78,79]. Advanced slicer
for producing a wide range of salmon products at high speed is designed to provide flexible
multi-angle slicing motions [80,81]. The Baader 220 claims to have the capability to perform
portion process on small-sized fish, like Herring, Herb herring, and Sardine in 17-30 cm.

2.2. Metal Blade Design and Operation Parameters

Based on the type of machine and process parameters, various types of planar cutting
blades are used in the filleting machine. The blades were produced from different types of
carbon and alloy tool steels and high-grade stainless steel. For some important components,
cryogenically hardened stainless steel with a polished surface could be utilized [82]. Han-
dling fish products is crucial as these foods are susceptible to numerous degradation factors.
Hence, the utensils, materials, and equipment used in this process must be sharp and easily
maintained or available. Thus, stainless steel (corrosion resistant), aluminum, approved
plastic material, and galvanized steel equipment are easily sanitized and cleaned [83]. A
sharp knife or blade is essential in fish cutting as it improves the cutting moment, lowers
grip force, and shortens the cutting time.

Researchers studied the shape effect of the cutting edge and the sharpness of knives
on the cutting forces [84]. The following knife quality indicators are available for inspection
under production conditions: sharpening angle, uniformity of width, straightness of the cut-
ting edge, depth of chipping, absence of cracks on the cutting edge and sharpness of knives.
The effect of the blade sharpening angle on the parameters of this process was analyzed [85].
They evaluated resistance force with different sharpness half-angle (5°, 10°, 20°, 50°) of the
inclined back edge at different cutting speeds. With increasing the sharpening angle at low
cutting speed (0-0.8 mm/s) and high cutting speed (10-25 mm/s), the resistance forces
both decreased. Ageev et al. [15,86] also proposed theoretical concepts and determined the
optimal parameters that influence the cutting process of the blade configurations. The fish
samples were processed using a wire knife with different sharpness (0.025-0.400 mm), at
different temperatures (2-12 °C), at different cutting speeds (2, 4, 33, 62, 91, and 126 mm/s)
and with various blade thickness (1-5 mm) to evaluate the quantitative dependences of
fracture resistance and friction resistance forces on each operation parameters. The force of
fracture resistance rises nonlinearly as the knife’s sharpness and operational temperature
increase. The force increases noticeably as the blade thickness increases. According to the
measurement results, the total force of friction resistances reduces while fracture resistances
increase as temperature and material elasticity increase. The reduction of undesirable
energy consumption for cutting could be achieved by changing the geometry of the knife.
This could be done by reducing the sharpening angle and the thickness of the knife, as well
as by constructively introducing rear-inclined edges and eliminating the side edges [87]. The
reduction of friction forces also could be facilitated by a decrease in the roughness of the edges,
which was achieved by polishing and the use of anti-friction coatings [86,88]. Three different
blades have been tested with different sliding angles and friction forces: bare blades (31.6°)
and (35 uN), Ti-coated blades (20.3°) and (23.7 uN), and Z-TEMG (Zr-based thin film metallic
glasses) coated blades (16.2°) and (19.2 uN). The results showed that the Teflon coating could
reduce the cutting forces of an uncoated microtome blade by 80%, whereas the proposed
Z-TEMG achieved a 51% reduction. Moreover, Z-TEMG was shown to protect blades during
skin grafting surgery by providing a smooth surface morphology to reduce friction force and
thereby improve blade sharpness. The finished fish product obtained by cutting must meet
certain requirements for the accuracy of the shape, size, and smoothness of the cut. There is a
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compromise between cutting forces and flatness of the cutting surface that must be adopted in
the design of the cutting tool. Besides the optimization of cutting conditions and geometry of
the knives, the operation of cutting, and the fish product properties are also important factors
contributing to reducing cutting forces and improving quality.

For a basic understanding of the cutting process as well as for modeling approaches, it
is important to link operation conditions to undergoing cutting forces, including resistance
and friction forces. Dowgialto [89] proposed fundamental models for calculating the
resistance forces that arise during fish cutting. The operating conditions are cutting with
a flat knife with a thickness of b = 0.7 mm, which was sharpened on one side (3 = 22°).
And the length of the cutting line was a = 20 mm, and the speeds were applied according
to the cut materials. The values of the cutting forces and pressure for sea and freshwater
fish were determined for various regime parameters of processing with plate and circular
knives. Ageev et al. [15,86] proposed a set of theoretical models for calculating contact
pressures and resistance forces during fish cutting. A system of resistance forces that affect
the knife during fish cutting was proposed, including the cutting speed (0.0-1.200 mm/s),
at different rheological parameters (1.5-3.0 x 10° N-s~!), the sharpness of the cutting
tool (half-angles = 5°, 10°, 15°, 20°, 50°, 60°, 70°, 80° and 90°), the half-thickness of the
knife (1.5, 2.0, 2.5, and 3.0 mm), and the elasticity of the fish muscle tissue (e= 3, 5, 7,11).
The dimensional resistance force of the profile significantly depends on the rheological
properties of the material. The sharpening angle and speed have very little influence on
the resistance force that occurs during the cutting of the material; however, when cutting
material in a low-viscous state, for example, upon defrosting and blanching, while with the
increased blade thickness, the sharpening angle and speed have a noticeable influence on
the value of the force in question. Jayraj et al. [90] also developed the relationship between
friction and the inclination angles of fish on steel surfaces (20°-22°) and plastic surfaces
(18°-20°) during feeding. By smoothing the interface between the fish’s body and the
surface, the slime the fish secretes decreases the frictional impact. As a result, the surface
of the belt conveyors used to transport fish for unit activities in fish processing should
be rough or have grips. This should prevent the fish from moving. Furthermore, they
also recorded the power consumption during fish slicing, which is related to the speed of
the blade and fish weight. The freshly harvested fish samples are required to accurately
measure the slicing force and power requirement because the textural parameters of skin
hardness, stiffness, and toughness would decay, and the force required to slice the fish
would be reduced [91]. The skin hardness ranged between 86.911 and 95.656 N within
five days of storage and thereafter reduced within the range from 48.714 to 65.920 N. The
stiffness ranged between 3.1474 and 4.6340 N-mm ! and toughness, 588.9-713.2 N-mm for
five days. After five days of storage, the stiffness and toughness reduced in the range of
2.0030-2.8111 N-mm~! and 415.0-526.3 N-mm, respectively.

2.3. Drawbacks and Limitations

We have visited several fish-cutting industries to learn about the challenges and
drawbacks of current fish-cutting technologies. Current metal blade cutting has too much
manual and repetitive work in several cutting steps. Some fish-cutting facilities have no
gutting step because of the cost and space limitations. Also, some machinery companies
mention that their equipment eliminates the need for gutting the fish before filleting and
saves at least one operation labor by combining header gutter and filleting machines.
However, the cutting performances of the filleting machines can be easily affected by
the jamming issues of the cutting blades since some fish guts, and other byproducts are
left inside the machines, as shown in Figure 3. Therefore, a certain number of labors are
required to keep monitoring the cleanliness of the cutting blades and do maintenance work
(Figure 4). Figure 5 presents another issue with the metal blade cutting: low-level fish fillet
yield and high-level waste. Even though some machines are designed to recycle the mid-rib
bones for producing the mince [92], increasing the fish fillet yield can provide more income
opportunities than post-processing the mid-rib bones. The metal blade cutting setup, such
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as the cutter gap, is designed for a specified range of fish sizes. Consequently, it will cause a
lower yield for the smaller fishes, and smashing damage the bones of the larger fish. Especially
the smashing damage of the bones, a small piece of the bones left inside the fish fillet may be
stuck in people’s throats and lead to choking [93]. Fish larger than the size settings cannot
be normally processed by machines, which will increase the waste. Another example of
generating waste in the deheading machine is shown in Figure 6. The fish heads of the larger
fish may not be fully cut off. The fish body is still partially connected with the fish head then
the whole fish is dumped. Although some blades can be adjusted to fit different fish sizes, it is
time-consuming and inefficient. Therefore, the current metal blade-based cutting technologies
have an urgent need for innovation to increase fillet yield and reduce labor and turnover.

Figure 3. The filleting machine is frequently jammed because the fish guts are left in the machine.
The normal filleting processing is affected by the jamming issue, which makes some fillets drop out
of the machine as waste.

Figure 4. The manual cleaning process for the filleting machine.
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Figure 6. The waste due to deheading processes.
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3. Waterjet Cutting

To revolutionize the catfish processing industry, it appears that a cost-effective non-
conventional and non-contact cutting technology is needed with higher productivity, lower
waste, and less labor-intensive requirement. The waterjet cutting technology can be an ex-
cellent alternative option to meet these expectations since it has many advantages over other
traditional technologies. The excellent mobility and flexibility allow all directions cutting
behaviors and complicated curved cutting lines [94]. Compared with laser cutting, there is
no heat generated and no radiation zones, so lower cutting temperatures can guarantee
the food’s freshness and extend shelf life [95]. Besides, cross-contamination and bacterial
transmission can be prevented because of no blades [96]. In addition, a large quantity of
water is required in traditional fish processing factories to clean the fish product for every
processing step [97]. Therefore, the waterjet cutting process can realize the integration of the
processing and cleaning functions. Furthermore, the jamming issue described above will
not happen, so the cutting performance would be much more constant and steadier, and
the maintenance and inspection labor can be saved. The modern waterjet cutting machines
typically consist of: (1) a control unit including a micro-computer, cameras, and supporting
software, (2) a waterjet table that can withstand the strong impact of water flow during
cutting assays, (3) a position traverse system which is controlled by the micro-computer
for adjusting the related position of the nozzle and target workpieces, (4) a high-pressure
pump for generating enough high pressure for the water, (5) a waterjet nozzle with certain
shape and diameters of die for passing the high-pressure waterjets [98]. High-pressure
waterjet has been applied to several fish-cutting steps: portioning, trimming, and scal-
ing [27,99-101]. Due to the development of automatic technologies in the past two decades,
high-performance robot arms have been largely employed in recent industries [8,102]. With
the integration of robots, advanced waterjet cutting can conduct a highly precise cutting
process with high speed, which favors the efficiency of fish fillet yield production [102].
However, the current waterjet cutting techniques are still facing certain issues. Unlike
cutting other materials, which require precise size control, factors such as relatively large
kerf width, blind cuts, and taper-long cutting lines are not considered the top concerns
in fish cutting. One of the major obstacles that block the application of waterjet in fish
cutting is its relative slow cutting speed and much higher starting and maintenance costs
compared to blade cutting due to the system’s complexity. In addition, waterjet cutting
generates wastewater containing minced fish and bone. Disposal equipment and related
specialized training will then furtherly increase the cost of waterjet fish cutting.

The design and development of waterjet cutting equipment for fish cutting aim to gain
faster and cheaper processing, accurate workpieces identification, and automatic cutting
strategy generation and operation. The performance of meat cutting can be evaluated in
different grades with the fish fillet recovery rate, the damage of fish bones, the amount
of saw mince, the cleanness of skin cut, the cleanness of muscle cut, and the cut-through
of connective tissue [27,82,103]. To achieve the best cutting performance, the components
of waterjet cutting should be well-designed. It is believed that factors majorly, including
the water pressure and flow rate, transverse speed, nozzle shape and diameter, the nozzle
stand-off distance, nozzle tilting angle, number of passes, and fish temperature, affect
the overall waterjet cutting quality. The supplying water pressure is considered the most
important parameter governing the waterjet cutting quality [104,105]. The water pressure
varies according to the strength of the targeting materials and exhibits a different order
magnitude [106]. By focusing on the rainbow trout, and fixing the stand-off distance and
incidence angle, Kasperowicz et al. [32] have investigated the effect of the waterjet pressure,
nozzle moving speed, nozzle size, and nozzle geometry on the cutting performance. It
turns out that, for good cutting quality, the supply water pressure changes with the size of
carcasses and cutting sites. For a full cut of the skinless lobe, the water pressure should
reach 3.5 MPa or 35 atm. Within the selected nozzle size (0.175 mm-0.95 mm) and nozzle
traverse speed (0-50 mm/s), no obvious effect on cutting quality was observed. The
complexity of setting cutting parameters for specific fish meat is reflected in this study. This
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implies the fact that the fish waterjet cutting may also follow the principles summarized
during the cutting assays of other workpieces. Research has also found that with a lower
sample traverse speed, a smoother and deeper cutting cross-section was obtained [107].
This is important for obtaining high-quality cutting while increasing the raw fish meat
yield. The quality of waterjet cutting is also influenced by the temperature of the fish
meat [101]. The systematic study of cutting parameters for specific targeting materials in
the food industry can be a hot topic for future research on waterjet cutting. Moreover, the
fluid mechanical properties of the waterjet also affect the cutting performance and should
be considered during the parameters design.

Although commercial waterjet cutting instruments have been applied to fish cutting
to a certain extent, the fundamental research of waterjet cutting in different fish under
different parameters still lacks and deserves more attention. The quantitative reports in the
literature about the effect of these factors on fish cutting quality are very limited. One of
the reasons is that the experimental data usually are trade secrets. On the other hand, it is
difficult to obtain precise and universal experiment results because (1) the fish meat from
the same species may have different properties according to the place and season [108].
(2) The structure and properties of fish meat may differ even within the same species [109].
Hence, reliable and universal results require extensive experiments. Nevertheless, one can
still get insight into the effect of the design parameters on cutting performance by limiting
the study variables.

4. Machine Vision and Artificial Intelligence for Fish Cutting

Fish cutting heavily relies on manual labor, and the working environment is usually
cold and wet to ensure the freshness of the fish. In addition, many procedures involved in
fish cutting are tedious, repetitive, and unsafe. Therefore, increasing automation levels of
fish cutting have gained tremendous attention in recent years [110]. With the advancements
in imaging and computing technologies, machine vision and Al have been applied to the
fish industry for improved precision and automation levels of fish cutting.

Machine vision enables inspecting objects or scenes objectively and efficiently through
image acquisition and analysis (e.g., object detection/localization, semantic/instance seg-
mentation) to assist in automating various tasks (e.g., fish species sorting, cutting), which
otherwise would have been done manually. Machine vision has been widely used for
postharvest product inspection in food industries, including fish processing, such as fish
morphology identification (e.g., size, volume, weight, and shape estimation) [111,112],
species recognition [113,114], physical or chemical properties [8,18], and quality and dam-
age inspection [115]. In general, machine vision relies on the acquisition, processing,
and modeling of two-dimensional (2-D) and three-dimensional (3-D) images to assist in
operations in fish processing.

There is considerable research on using 2D images in fish processing, where acquired
color images are segmented for interested regions based on the fish/fillet color [22,116-118].
Several commercial fish cutting systems, such as Baader 988 [118] and Marel SensorX [119],
used CCD cameras in the control systems of blades. For fish deheading machines (Section 2.1),
the cutting position was decided based on the gill area of the fish. Accurate localization
of fish gill regions would be hence critical in the cutter controller [13]. Jain et al. [22] used
the machine vision system in a deheading machine. The authors fused the data from
CCD cameras, optical encoders, and ultrasonic displacement to detect the collar bone
position and adjust the blades accordingly. Such a machine vision system can potentially
improve the accuracy of gill recognition and thus reduce protein waste during fish cutting.
Sivertsen et al. [118] applied a CCD camera to scan cod fillets using the ridge detection
algorithm, where the centerline of fillets can be identified with an average accuracy of
1 mm from the tail.

Since regular color cameras are limited to providing information in a 2D plane, 3D
imaging systems are useful in fish processing lines by obtaining the depth information
of target fish [120-122]. 3D imaging can be realized using techniques such as structured
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light, stereovision, or time-of-flight (ToF). The laser-scanning profilometry (line light-based
3D imaging), which only needs to capture the reflection of laser pulses and is not readily
influenced by ambient light, can potentially achieve high measurement accuracy. This
method can be employed in commercial fish-cutting systems, such as the Marel I-Cut series
(Marel, 2022a), to empower a trimming robot with 6 degrees of freedom (DoF) for 3D
cutting [122]. Bonde et al. [121] implemented a laser-based 3D vision system to obtain
the point cloud data of fish with the accuracy of 1 mm, which was analyzed to detect the
position of fish gill that can be used to guide a robot arm to cut along the gill arch.

In recent years, Al has been used to empower machine vision systems for enhanced
fish cutting. Al through machine learning (ML), especially deep learning (DL), has demon-
strated great remarkable performance in visual recognition tasks (e.g., object detection
and segmentation). Al methods have been used in fish recognition to improve the blade-
cutting accuracy of automated production lines [19,116,123-125]. They could be further
implemented in fish deheading, trimming, and portioning operations. Gamage et al. [19]
conducted pioneering work to apply ML in fish-cutting tasks. Fish head images were ac-
quired with a CCD camera and processed to obtain edge-enhanced, 2D Gaussian-smoothed
images. Features were then computed from enhanced images and fed into multiple re-
gression algorithms to estimate the point of interest on the fish head. Odone et al. [126]
proposed a machine vision-based fish grading system. This system performed fish shape
measurement and used support vector machine (SVM) models to learn the relation between
fish weight and shape parameters, enabling the fish grading at a rate of 3 items per second.

DL methods have been recently used in machine vision systems for fish processing.
Xu and Sun [127] used convolutional neural networks (CNNs) to detect the salmon muscle
gaps to reduce irregular voids or undesirable lace-like appearance in the final product.
Taheri-Garavand et al. [128] constructed a CNN classifier to classify a caught fish into fresh
and non-fresh with an overall accuracy of 98.21%. Laradji et al. [129] proposed a CNN-based
point-level fish segmentation model achieving an accuracy of 87.9%. Diamond et al. [37]
used U-Net to perform the segmentation of different parts of the fish on 2D images. The
dataset of fish images used in the study was made open-source.

These studies demonstrate the promise of machine vision and Al as valuable tools
for automated fish processing. Their full potential in fish cutting, however, remains to be
investigated, given only a handful of relevant publications. A key question remains to be
answered as to how satisfactorily machine vision and Al-driven fish cutting automated
machines will perform in commercial production settings. Although more validation
experiments, especially with real-time machine vision prototyping, are urgently needed, it
is generally agreed that assistance from machine vision and Al will substantially automate
fish-cutting operations and reduce labor costs.

Further, there is still a great deal of machine vision and Al that is worth investigating
and can be potentially applied in fish cutting and whole fish industries. Studies [130,131]
have shown that Al methods can be used for the optimization of cutting parameters of fish
cutting machines. For cutting fault diagnosis, the precise location of fault points can be
obtained by supervised pattern classifiers [132-134]. Moreover, vision- and speech-based
multimodal human-machine interaction systems can be applied to fish-cutting machines
to provide workers with a better operating experience [135]. Machine vision and Al
algorithms can power waterjet cutting or metal blade cutting for improved fish cutting
productivity. For instance, Lin et al. [136] proposed a machine vision and image recognition
guided waterjet knife strawberry berry calyx removal machine. Similar approaches based
on machine vision and Al can be applied to finer fish cutting operations. In addition, Al
technology can also be used to create a reliable and intelligent metal blade wear detection
system to mitigate the negative effects of the fish-cutting processes [137].
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5. Future Perspectives

Major manufacturers of fish-cutting devices around the world have been summarized

in Table 1. Potential directions for future research on fish-cutting techniques are presented
as follows:

M

@)

©)

Some fish species deserve more attention, such as catfish. Catfish was ranked 8th
in the top 10 seafood of U.S. per capita consumption in 2019 [138]. Mississippi
and Alabama were ranked first and second in catfish farming and production in
2021, respectively [139]. However, compared with 300 million kilograms in 2003, the
U.S. catfish industry’s yield decreased to 136.5 million kilograms in 2014 because
of international market competition and increasing feed costs [140]. Furthermore,
compared with other fish species, catfish have just a few rib bones, so the catfish belly
flap portion can be trimmed and sold as fish nuggets [141]. Therefore, developing
special cutting machines or trimming and portioning methods for catfish can keep
catfish farming and fillet processing industries (with a total impact of more than one
billion dollars) as an important agricultural and food industry, which their existence
is vital to the success of the US rural economy.

Waterjet cutting should be further developed for other fish-cutting steps. Although
the waterjet cutting works well for fish fillet portioning and trimming steps, there
is no waterjet cutting application for other fish cutting steps, such as filleting and
deheading. Also, the small-scale fish cutting processes are all performed by a metal
blade system, and no waterjet cutting machine is designed or modified for small-scale
fish. The cutting parameters can be adjusted to reach a critical condition: the water
stream will cut along the edge of the fish meat and touch the fish bones but cut the
meat only, which means that the water cutting force is adjusted to be just good for
cutting meat but not strong enough for cutting bones. Under critical conditions,
waterjet cutting can realize the maximum fish fillet yield. Besides, there is no research
on abrasive waterjet fish cutting. It can be a better solution for further improving
the fish-cutting quality and efficiency in deheading and filleting processing steps.
The abrasives, including salt, sugar, ice, and starch particles, can be added to the
high-pressure waterjet, which can reduce the surface roughness, favor energy saving,
and lower the overall costs of equipment maintenance [33,34,142,143].

Other novel cutting techniques should be developed for the fish-cutting process.
Another two common food cutting techniques, ultrasonic cutting and laser cutting, are
currently not good for fish processing. Even though some companies have designed
ultrasonic cutting for slicing frozen fish [144], regular raw fresh fish is too soft, which
cannot promise cutting quality and efficiency. Laser cutting will have heat-affected
zones, which reduces the shelf life and quality of the fish meat. As potential directions
for future research, ultrasonic cutting and laser cutting techniques can be adapted
into fish cutting. Other novel direct-contact and non-contact cutting techniques can
also be developed for fish-cutting innovations.

Fully automated cutting production lines and integrated control systems should be
designed by advancing singulation, machine vision, and Al technologies. Current
automation cutting machines need manual singulation and placement processes for
fish supply. Novel singulation methods can help realize fully automated systems to
further reduce the total cutting and processing time, labor, and turnover. Considering
the uniqueness and characteristic of each fish, the machine vision system in fish
cutting lines could still be improved in both hardware and software aspects. As for
the hardware system, the machine vision system should be able to capture the depth
information. Therefore, the 3D sensing system, such as a laser profilometer or stereo
cameras, could provide more comprehensive detail to guide the fish-cutting process.
Meanwhile, due to the high computation requirement of 3D information, the data
processing efficiency should be improved to satisfy the high-speed requirement of
fish cutting lines. As for software development, first, key-point detection is widely
used in machine vision applications and has made great progress in the past few
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years, where it can be applied to detect critical points in fish [145], such as gill [13]
and mouth [146,147]. If the key points on the fish can be correctly located, this can
facilitate the machine to cut the fish more accurately. Second, training DL models
with large parameters is another major trend in machine vision and Al for visual
pattern recognition tasks. Many studies have demonstrated that DL models better
learn the representations of images. Therefore, visual transformer [148] and self-
supervised learning [149,150] are two other techniques that can be used to extract
meaning information from fish images. A better image feature extractor helps the
system to analyze fish images and optimize fish-cutting operations.

More research and simulation development should be devoted to quantifying and
predicting fish cutting quality and efficiency. Especially for waterjet cutting, the
scientific reports only define the cutting quality and efficiency for metals, woods,
composite materials, and other food species. Except for the cutting grade definition,
there is no specified parameter quantifying fish cutting quality and efficiency. Some
parameters, such as surface roughness, need to be further investigated and adapted to
evaluate the fish-cutting quality. As for simulation development, current simulation
models for cutting processes and quality are mainly based on regression analysis,
response surface methodology (RSM), computational fluid dynamics (CFD), and
finite element method (FEM) [151-154]. Since the waterjet cutting method has great
potential for fish cutting, future fish cutting simulation and theory development
should pay more attention to pure and abrasive waterjet cutting processes of whole
fish and fish fillets with higher accuracy and robustness.
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6. Conclusions

The fisheries and fish farming industries today operate in a large and global market. In
such an increasingly competitive marketplace, it becomes necessary for the fisheries and fish
farming industries to explore advanced technological solutions for improving productivity
and profitability. As the key part of the fish processing industry, efficient cutting of fish
is important given that top quality, maximum yield, and highest possible profits are to be
pursued keenly. This paper evaluates and summarizes the current fish cutting techniques
and highlights the research on cutting mechanisms, blade design, and performance effect
factors. The applications of machine vision and Al are reviewed and discussed. With the
proposed future perspectives, it could be possible to bridge the knowledge gap on cutting
operations and achieve better cutting efficiency and quality.
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Abstract: The aim of this work is to evaluate the effects of different washing times (zero (WO0),
one (W1), two (W2), and three (W3) times) on the physicochemical characteristics, gel property,
and protein oxidation of silver carp surimi during 4 °C refrigeration. The results showed that the
yield, types of fatty acids, redness (a*), total volatile basic nitrogen, and thiobarbituric acid reactive
substances of the surimi tended to decrease, and the whiteness, pH, gel strength, and water retention
tended to increase with the increase of washing times. Meanwhile, washing removed some fatty acids
and the fatty acid species showed a decreasing trend. The FTIR spectra showed that washing did not
change the functional group composition but changed the content of each group of the functional
groups, while decreasing the proportion of S-sheet structures. Compared with the unwashed surimi,
washing caused some of the immobilized water in the minced fish to be transferred to free water, and
the water fluidity was enhanced. The washing enhanced the water holding capacity in the surimi
gels, and the microstructure of the surimi gels was denser and delayed the protein oxidation during
refrigeration. However, the difference between W2 and W3 surimi was not significant (p > 0.05). In
practice, W2 can be used to produce surimi to improve its yield and reduce water consumption.

Keywords: washing times; silver carp surimi; quality characteristics; protein oxidation

1. Introduction

Surimi has the advantages of high protein, low fat, and delicate taste, which is popular
among consumers [1]. At present, the raw materials for the production of surimi are mainly
seawater fish, but due to human overfishing and changes in the natural environment,
marine economic fish resources cannot meet the human consumption demand for surimi
products [2]. In recent years, the production of freshwater fish in China has increased
significantly, and the development of freshwater fish for the production of surimi has
become important research in the field of surimi processing.

Silver carp (Hypophthalmichthys molitrix), one of the four major fish species in China, is
the main low-value freshwater fish in China, with a production of about 3.81 million tons in
2020 [3]. Silver carp is the best freshwater fish for producing surimi, with its short growth
cycle, low price, and tender meat. The excess fat and protein in fish react and reduce the
nutritional and organoleptic properties of the product [4]. In addition, protein oxidation
can induce cross-linking reactions to denature proteins and reduce their functionality [5].
Therefore, washing is an essential process in the production of surimi, which removes
impurities, fat, and water-soluble proteins [6] and thus improves the color, texture, and
odor of surimi products [7]. The amount of washing times depends on the type of fish and
washing solution. Granata, Flick Jr, and Martin [8] showed that producing 1 kg of surimi
requires nearly 15 kg of water. A higher amount of washing solution can produce surimi
with better quality, but it increases the waste-water discharge of the factory, decreases
surimi yield, and also has an impact on the environment [6]. Therefore, moderate washing
of surimi can maximize surimi yield and reduce water consumption.
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In order to achieve sustainable and efficient development of the surimi processing
industry, it is necessary to understand the effect of washing times on surimi [9]. However,
there are few studies that are related to the effect of washing times on the quality of silver
carp surimi. In view of this, we investigated the effect of washing times on the quality
of surimi and evaluated the effect of different washing times on the physicochemical
characteristics, gel property, and protein oxidation of silver carp surimi to provide a
theoretical reference for the production of high quality surimi by loss reduction treatment.

2. Materials and Methods
2.1. Materials

Silver carp surimi was provided by Anjoyfood Co., Ltd. (Liaoning, China). A 10x
phosphate buffered solution (PBS) and color Mixed Protein Marker (11-245 KDa) were
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). The
0.1 mol/L HCl standard titration solution, 10x electrode buffer, and bicarbonate reagent
were purchased from Fuzhou Feixing Biotechnology Co. (Fuzhou, China). All other
reagents were analytical grade and were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

2.2. Preparation of Surimi

The silver carp was divided into four groups for washing after harvesting, the first
group of minced fish was not washed (W0), the second group was washed one time (W1),
the third group was washed two times (W2), and the fourth group was washed three times
(W3). The fish that were washed with five times their weight in tap water for 15 min, and
the washing water was agitated and kept below 4 °C during the washing process. After
washing, the surimi was centrifuged and plate shaped. The above operations were carried
out in the surimi production workshop of Liaoning Anjing Food Co., LTD (Anshan, China).
The four groups of surimi were placed at 4 °C, and each index was measured.

2.3. Proximate Analysis

In brief, the moisture content was measured using the oven-drying method. The
protein content was estimated from nitrogen (N x 6.25) using constant Kjeldahl method.
The fat content of the sample was extracted from the sample by Soxhlet using ether as
solvent. The ash content of the sample was determined using the method Muffle furnace
ashing [10]. All the values that were analyzed were expressed as a percentage on a wet
weight basis.

2.4. Fatty Acid Composition

The fat of surimi was extracted and methylated according to the method of Li et al. [4].
The fatty acid composition of surimi was determined by gas chromatography coupled with
a flame ionization detector (FID) (7890B, Agilent, Palo Alto, CA, USA). The injection port
and detector temperatures were 260 °C. A HP-88 column (100 m x 0.25 mm) was used
for determination. The column temperature was set at 180 °C for the first 20 min, and
then increased to 200 °C at a rate of 0.5 °C/min. N, was used as the carrier gas (flow rate:
1.5 mL/min). The air flow and H; flow were 400 and 30 mL/min, respectively.

2.5. Determination of Whiteness

The whiteness was determined with a HunterLab XE Chroma Meter (Hunter En-
gineering Company, Bridgeton, MO, USA) according to the method of Xiong et al. [11],
by measuring the L* (lightness), a* (redness), and b* (yellowness) values. A total of nine
readings were made from the surface of the samples. The whiteness was calculated by
the following:

Whiteness = 100 — [(100 — L*?) + a** + b**]'/2 1)
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2.6. Determination of pH

The surimi was weighed for 5.0 g, then 45 mL of distilled water was added, and the
sample was homogenized for 30 s at 8000 r/min. The pH was measured using a hand-held
pH meter (Seven 2Go-S2, Mettler Toledo, Greenville, SC, USA) [12].

2.7. Chemical Analysis of Surimi

The total volatile base nitrogen (TVB-N) was estimated by the micro diffusion method.
The 2-thiobarbituric acid-reactive substances (TBARS) of surimi was estimated spectropho-
tometric method. In brief, the surimi samples (5.0 g) were treated according to the method
of Priyadarshini et al. [13] and reacted with 0.02 mol/L 2-thiobarbituric acid (TBA) by
heating in a boiling water bath for 40 min. The absorbance of the supernatant was measured
at 532 nm.

2.8. Preparation of Surimi Gels

The moisture content of the surimi samples was measured using a halogen moisture
meter (SN-DHS-20A, Shampo Instruments Co., Shanghai, China), and the moisture content
of the surimi was calculated and adjusted. The moisture of the surimi was adjusted to 80%
and 2.5% sodium chloride was added. The surimi was placed in a mixer with a paddle
attachment for 3 min. The surimi paste was stuffed into polyvinylidine casing (21 mm in
diameter) and both ends of the casing were sealed tightly. Subsequently, the surimi pastes
were incubated at 40 °C for 30 min and then heated at 90 °C for 20 min [14]. The gels were
cooled in iced water and stored overnight at 4 °C prior to analysis. The gel casings were
peeled prior to the test.

2.9. Determination of Gel Strength

The gel strength was determined according to the method that was described by
Zhang et al. [15]. The gels were cut into cylinders (2.5 cm in height) prior to the test. A
spherical probe (5 mm in diameter) was used to penetrate 15 mm into the samples at a
speed of 1 mm/s by a gel strength analyzer (SD-700, Sun Scientific Co., Ltd., Tokyo, Japan).
The breaking force (maximum breaking force, g) and deformation (cm) were determined
on at least nine specimens per treatment. The gel strength (g-cm) is the product of breaking
force and deformation.

2.10. Determination of Water Holding Capacity (WHC)

The surimi gels (5.0 g) were weighed into centrifugation tubes. The WHC was per-
formed by the sample as described by Jin et al. [16]. The WHC was expressed as percentage
of water that was retained with respect to the water that was present in the gel prior
to centrifugation.

2.11. Determination of Low Field Nuclear Magnetic Resonance (LF-NMR)

The LE-NMR of samples was measured according to the method of Yin et al. [17]
using an NMR analyzer (MesoMR23-060H-I, Niumag analytical instrument Co., Suzhou,
China). Approximately 5.0 g of cylindrical surimi gel was placed into an NMR tube (size:
2 cmin diameter x 4 cm in height). The Carr Purcell Meiboom Gill (CPMG) pulse sequence
was used to show the transverse relaxation time (T5).

2.12. Fourier Transform Infrared (FTIR) Spectroscopy

We performed FTIR according to the method of Zhang, Dai, Zhang, Dong, and Hu [18].
The surimi gels were freeze-dried and mixed with potassium bromide (KBr). The mixture
was ground uniformly and then compressed into a tablet. FTIR spectroscopy was carried
out in a spectrometer (IN10, Thermo Fisher Scientific, Waltham, MA, USA).
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2.13. Scanning Electron Microscopy (SEM)

We performed microstructure observation according to the method of Zhou et al. [1]
and Shi et al. [19]. The freeze-dried surimi gel samples were sublimated and gilded. The
microstructures were observed by SEM (Sigma 300, Zeiss, Oberkochen, Germany).

2.14. Preparation of Myofibrillar Protein (MP)
MP was prepared from according to the method of Liu, Chen, Kong, Han, and He [20].

2.15. Determination of Carbonyl Content

The carbonyl group reacts with 2,4-dinitrophenylhydrazine to form the red 2,4-
dinitrophenylhydrazone, with a characteristic absorption peak at 370 nm. The carbonyl con-
tent was analyzed by an assay kit (Nanjing Jiancheng Technology Co. Ltd., Nanjing, China).

2.16. Determination of Total Sulphydryl Group Content

Total sulphydryl group content was determined according to the method of Balange,
and Benjakul [21] with slight modifications. To 0.5 mL sample solution (5.0 mg/mL),
4.5 mL of buffer A (pH 6.8, containing 10 mmol/L EDTA, 8 mol/L urea, 1% SDS, and
0.2 mol/L Tris-HCI buffer) were added. To 4 mL of the mixture, 0.5 mL of buffer B (pH 8.0,
containing 0.1% DTNB and 0.2 mol /L Tris-HCI buffer) was added and incubated at 40 °C
for 30 min. A blank was conducted by replacing the sample with 0.6 mol/L NaCl. The
absorbance was measured at 412 nm (Spectra MAX 190, Molecular Devices Co., Sunnyvale,
TX, USA) and sulfhydryl group content was calculated using the extinction coefficient of
13,600 mol/L~tem 1.

2.17. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Protein patterns of the surimi were analyzed by SDS-PAGE according to the method
of Zhang et al. [22]. In brief, the surimi samples (3.0 g) were mixed with 5% SDS solution
(30 mL), homogenized, and held at 85 °C for 1 h. After centrifugation (3500 r/min, 15 min)
the supernatant was added to an equal volume of 1x loading buffer, dispersed and then
boiled in a water bath for 3 min. Protein patterns of surimi samples (15 pL) were loaded onto
polyacrylamide gels comprised of a 10% running gel and a 4% stacking gel and subjected
to electrophoresis using an electrophoresis apparatus (BIO-RAD Co., Hercules, CA, USA).
The gels were stained with 0.125% Coomassie brilliant blue R-250 and decolorized in a
solution containing 65% acetic acid and 25% ethanol until the bands were clear.

2.18. Statistical Analysis

The colors and gel strengths of the samples were run in 9 replicates, and the rest
of experiments were run in triplicate. The data are presented as the means + standard
deviations of duplicate measurements and subjected to analysis of variance (ANOVA)
using SPSS 22.0 Statistics (SPSS Inc., Chicago, IL, USA). The means were compared by the
Duncan’s multiple range test at the 95% significant level (p < 0.05).

3. Results and Discussion
3.1. Basic Composition of Surimi

The basic composition of silver carp surimi is shown in Table 1. The results showed
that with the increase of washing times, the moisture content of the surimi increased
from 73.14% to 76.30%. Washing caused the hydration of myofibrillar protein of surimi,
and the moisture content of the surimi increased. The moisture content of the surimi
after washing was significantly higher than that of the unwashed surimi (p < 0.05). After
repeated washing, the protein content of the surimi decreased. The protein content of the
surimi in W2 (22.87%) and W3 (22.21%) was significantly lower than that in W0 (24.71%)
and W1 (24.19%). This result is consistent with a previous study that was conducted by
Li et al. [4], in which it was found that in the washing process, a large number of water-
soluble proteins (myosinogen, hemoglobin, myoglobin, and so on) are removed, as well as
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part of the volatile amino compounds. The fat content of the surimi decreased significantly
from 1.52% (WO0) to 1.10% (W3) in the washing process, but there was no significant
difference between the fat content of W2 and W3 (p > 0.05). Silver carp belong to low-fat
fish, the overall fat content is low, but part of the fat is removed in the washing process.
The fats in surimi are oxidized and interact with proteins to deteriorate the quality of the
surimi [16]. After washing, most of water-soluble protein and part of the fat could be
removed from surimi, but there was no significant difference in the ash content (p > 0.05).
Producing high-quality surimi requires high protein, high myofibrillar protein, low fat,
and adequate moisture [16]. The appropriate number of washing times retains some of the
sarcoplasmic proteins and endogenous transglutaminases in the surimi, which can improve
the gel strength of surimi gels.

Table 1. Basic composition of surimi with different washing times.

CI::?:I::I:;) Protein Content (%)  Lipid Content (%) Ash Content (%)
b

WO 7314 +£ 0982 2471 +£0.65° 1.52 +0.06 0.53 4 0.032
W1 74.00 + 0.91 2P 2419 + 053 1.24 +0.04P 0.5340.042
W2 75.44 + 0.32 b¢ 22.87 +0.392 1.19 + 0.06 2P 0.53 £0.022
W3 76.30 & 0.46 © 222140442 1.10 + 0.042 0.52 +0.022

Note: W0, W1, W2, and W3 represent the surimi with 0 washing times, 1 washing time, 2 washing times, and
3 washing times, respectively. Different letters in the same line indicate significant differences (p < 0.05).

3.2. Fatty Acid Composition of Surimi

As can be seen from Table 2, the types of fatty acids in the surimi decreased with
the increase of washing times, and the washing removed some saturated fatty acids. The
fatty acid species of surimi decreased from 20 to 15 after three washing times, and the
washing reduced the fatty acid species of surimi. Due to the low density of fat, in the upper
layer of the washing water, the fatty acid species decreased gradually as the washing times
increased fat removal. A similar result was reported by Li et al. [4], who likewise found
that washing reduced the types of fatty acids in surimi. Surimi contains a large amount
of C18:1 monounsaturated fatty acids, the most abundant polyunsaturated fatty acids are
C20:4, followed by EPA and DHA, which are very important fatty acids for humans. With
the increase of washing times, the change of EPA and DHA content is small, and the surimi
with different washing times have s high nutritional value.

3.3. Physicochemical Characteristics of Surimi

The influence of different washing times on the physicochemical characteristics of
surimi is shown in Table 3. The yield of surimi decreased with the increase of washing
times, from 88.58% to 76.73%. Among them, the yield of twice-rinsing surimi was increased
by 5.92% compared with three-rinsing surimi. In the traditional surimi production process,
three times of cold-water washing is usually carried out to remove impurities (including sar-
coplasmic protein, blood, pigment, and fat) in fish mince, thereby improving the whiteness
and quality of the surimi. The redness (4*) and whiteness of unwashed surimi (W0) were
1.44 and 65.23, respectively. The a* and whiteness of W3 were —1.08 and 71.96, respectively.
With the increase of washing times, the a* of surimi showed a decreasing trend, while
the whiteness showed an increasing trend. Myoglobin is a heme protein that is soluble in
water and has an important effect on the formation of fish minced color and rancidity [7].
During the washing process of surimi, most of the myosinogen, myoglobin, hemoglobin,
and other compounds are removed, thereby reducing the 4* of surimi and improving the
whiteness of surimi [23]. Although increasing the washing times improved the whiteness
of the surimi, there was no significant difference between the W2 and W3 groups (p > 0.05).
At the same time, washing can cause a waste of water and a loss of nutrients in the surimi,
so it is important to choose the appropriate number of surimi washing times in production.
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Table 2. Fatty acid composition of surimi with different washing times.

Fatty Acid

Composition (%) wo wi w2 w3
C12:0 0.16 + 0.00 © 0.71 £ 0.014 0.11+£0.00° nd?
C13:0 20.10 + 0.09 © 20.74 +0.214 18.42 + 023 15.26 +0.17
C14:0 3.08 +0.01° 2.99 4 0.032 7.76 4 0.00 © 9.3340.01
C16:0 14.71 +0.00® 14.50 +0.022 14.52 4 0.09 2 14.66 + 0.10 2P
C17:0 1.07 £ 0.00 b 1.22 £0.00 ¢ nd? nd?@
C18:0 22240.00P 37140014 2.78 +0.00 © 2144 0.052
C20:0 442 £0.00P nd? nd? nd?@
C22:0 0.24 4 0.00° 0.29 4+ 0.00 € nd? nd?

Y Saturated 46.00 £ 0.09 4 44154+ 0.16 43.60 + 0.13 P 41.40 +0.122
Cl4:1 1.34 +0.00 ¢ 0.87 +0.00 © 071 £0.01° 0.5140.012
C16:1 9.55 £ 0.00° 9.42 +£0.01° 9.02 4+ 0.062 11.55 £0.17¢
C18:1 17.56 +0.212 18.84 +0.15" 19.66 4 0.20 19.55 +0.29 ©
C20:1 254 40.012 3.07 £0.024 2.94 4 0.04 ¢ 2.724+0.04"
C24:1 1.62 +0.00 4 1.17 £ 0.00 @ 1.29 £ 0.00 € 1.20 £ 0.01°
Y Monounsaturated 32.62 4 0.212 33.37 £ 0.18 P 33.62 + 0.22° 35.53 &+ 0.08 ©
C18:2 2.61+0.022 322+£001°¢ 3.2240.01°¢ 2.98 4 0.01°
C18:3n6 422 40.082 483 40.01° 474 4+ 0.03 473 4+0.05°
C20:2 0.3540.00° 0.43 +0.00 © nd? nd?
C20:3n3 1.62 + 0.00 @ 1.82 £0.01P 1.94 4+0.01 € 2.14 4+ 0.02d
C20:4 5.25 4 0.00 5.60 +0.01 P 6.26 +0.10 ¢ 6.86 +0.05
C20:5 (EPA) 42340024 4.07 £0.00 € 3.8540.13b 352 +0.062
(C22:6 (DHA) 3.09 + 0.05 ¢ 2.53 4+ 0.062 2.77 4 0.07b 2.85+0.01°
Y polyunsaturated 21.23 4 0.122 22.49 £ 0.09 P 22.78 + 0.36 bc 23.08 & 0.20
Note: Nd indicates that the substance that was tested was not detected. Different letters in the same line indicate
significant differences (p < 0.05).
Table 3. Physicochemical characteristics of surimi with different washing times.
Wo W1 w2 W3
T _—
£ S i ] | _‘,;‘,-,; 3
Appearance u o 3 ¥ l : v 4
R 5
Yield (%) 100.00 + 0.00 ¢ 88.58 4 1.26 © 82.65+0.89P 76.73 £0.96 2
Color (%) 144 + 0442 0.29 +0.49° —1.31+037¢ —1.08 +£0.39¢
Whiteness 65.23 +1.032 7197 +1.10° 72.01 £0.89° 71.96 £ 0.80 °
pH 6.3240.022 6.354+0.012 6.66 £ 0.02° 6.83 +0.02°¢
TVB-N (mg N/100 g) 6.57 + 0.24¢ 5.86 + 0.46 bc 5.27 +0.39 b 46240352

TBARS (mg/kg) 0.18 £0.004 0.13 +£0.00 © 0.12+£0.00° 0.09 +0.002

Breaking force (g) 369.67 & 31.48 2 403.29 4 25.94 2 419.33 4+19.94 2 413.67 4 35.20 2

Deformation (cm) 0.86 £0.042 0.92 +0.03 2P 0.97 4 0.04 be 1.00 +0.01 ¢

Gel strength (g-cm) 320.20 + 38.60 2 369.89 4+ 32.94 P 408.51 + 36.03 415.18 + 35.68
WHC (%) 88.46 +1.492 90.90 4 1.39 P 9253 +2.02° 92.87 +£1.75"

Note: Different letters in the same line indicate significant differences (p < 0.05).

The pH of the surimi increased from 6.32 (WO0) to 6.83 (W3) with an increasing number
of washing times. Water-soluble acidic compounds (such as free acidic amino acids and
lactic acid) are removed from the surimi [24], so the pH of surimi increased significantly
(p<0.05). Jin et al. [16] noted that the pH has a profound effect on the physical characteristics
of meat, such as moisture content, tenderness, and color. An increase in the pH may lead
to a decrease in the fat content of surimi. When the pH is not at the isoelectric point of
myofibrillar protein, neutral and polar fats in minced meat can be removed and fat in
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minced meat can be released [25]. However, during the washing process, both alkaline and
acidic substances in the surimi can be washed away, so that the surimi reaches a new pH
balance after washing [23].

TVB-N is mainly composed of trimethylamine, dimethylamine, and ammonia. Protein
oxidation that is caused by bacterial metabolism in fish leads to an increase in TVB-N,
which is associated with fish freshness [26]. Generally speaking, the acceptable limit of
TVB-N for consumers is 25-35 mg N /100 g, higher than the limit indicates that the minced
meat has deteriorated [27]. The TVB-N of W0 was 6.57 mg N/100 g, indicating that the
quality of fresh fish was better. With the increase of washing times, the TVB-N of surimi
gradually decreased (p < 0.05). Therefore, the washing times of surimi can be appropriately
increased in industrial production to improve the quality of surimi [28].

Fat oxidation can reduce the color, flavor, texture, and nutritional value of surimi. W0
contained more fat and endogenous pro-oxidants and, therefore, had the highest TBARS
(0.183 mg/kg) [7]. With the increase of washing times, the TBARS of surimi decreased
significantly (p < 0.05). In general, the oxidation of fat and myoglobin in minced meat
occurs simultaneously and synergistically [29]. W3 had the lowest TBARS in this study
(0.086 mg/kg, p < 0.05), which might be related to the removal of some fat and oxidized
components in fish mince during washing.

Gel strength is an important index to evaluate the gel quality of surimi. As shown in
Table 2, the gel strength of W0 was the lowest (330.20 g-cm, p < 0.05), which may be because
the heat-induced proteases and fats interfered with the cross-linking of myosin in the gel
matrix of surimi [6]. With the increase of washing times, some substances that interfere with
myosin cross-linking were removed, so the gel strength of surimi significantly improved
(p < 0.05). Kong, Geng, Gao, and Li [30] observed that washing could improve the gel
properties of surimi, but too many washing times would also reduce the gel properties of
surimi, which should be controlled at two to three times. In this study, it was found that
gel strength of surimi of W2 and W3 (>400 g-cm) was higher than the Chinese standard
of AAA surimi (>400 g-cm), which indicated that the surimi washing two times still met
the standard.

The WHC of surimi gel is related to myofibrillar protein molecular structure and
charge change [24]. When the pH of minced meat is close to the isoelectric point of
myofibrillar protein (pH = 5.5), the protein agglutinates, leading to the release of water
molecules and thus affecting the formation of surimi gel [23]. With the increase of washing
times, the WHC of the surimi gel increased significantly (p < 0.05, 90.90-92.87%) compared
to WO (88.46%). After washing, the pH of the surimi deviated from the isoelectric point of
myofibrillar protein, thus improving the WHC of surimi gel, which was consistent with the
results of Baxter and Skonberg [31]. Karthikeyan Dileep, and Shamasundar, [32] showed
that compared with unwashed Nemipterus Japonicus surimi, the WHC of the washed three
times surimi gel was 10% higher than that of the control. The difference in WHC depends
on the stability of the protein network, and components (such as fat) that interfere with the
stability of the protein network may be removed in washing [31].

In summary, washing treatment could improve the physicochemical characteristics
of surimi, but there was no significant difference between W2 and W3 in color, TVB-N,
TBARS, gel strength, and water holding capacity (p < 0.05). It can be estimated that by
reducing the number of surimi rinsing steps from three times to two times, the discharge of
rinsing wastewater can be reduced by at least 30%, which can effectively reduce the cost of
surimi wastewater treatment and improve the utilization rate of fish resources.

3.4. FTIR Spectra

The FTIR spectra of surimi gel with different washing times are shown in Figure 1. The
peak at 2980-2850 cm ™! represented the asymmetric stretching of CH, with a characteristic
absorption peak of 2925.47 cm~!, usually occurring in the aliphatic side chain of proteins.
The peak at 1700-1600 cm~! was the amide I band, representing the stretching vibration of
C=0. And the peak at 1350~1200 cm~! was associated with vibration of C-O and C-O-O
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functional groups [33]. The absorption spectra of the four groups of surimi in the figure
were similar, indicating that the washing times had no effect on the composition of the
functional groups in the surimi gels [7]. However, the intensity of the absorption peaks of
the surimi samples increased with the increase in washing times, which indicated that the
washing process affected the content of the functional groups in the surimi gels.
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Figure 1. The FTIR spectra of surimi gel with different washing times.

The most characteristic spectral band in myofibrillar protein was the amide I band,
which reflected hydrogen bonding patterns, dipole interactions, and the geometry of the
protein polypeptide backbone [33]. In this study, we compared the Gaussian fitting curves
of the amide I band of surimi gels with different washing times (Figure S1) to obtain the
secondary structure content of surimi gel proteins, and the results are shown in Table 4. The
a-helix, B-sheet, B-turn, and random coil structure contents of the unwashed surimi gels
(WO0) were 30.87%, 44.06%, 12.18%, and 12.88%, respectively. Washing increased the a-helix
content and significantly decreased the B-sheet content (p < 0.05) of surimi gels, indicating
that the surimi gels were more compact after washing [13]. Liu et al. [34] also found that
compared to unwashed minced, the B-sheet content of washed surimi gel decreased by
13% and the B-turn content increased by 39%, while the changes in a-helical and random
coil content were not significantly different (p > 0.05). A similar result was reported by
Yuan et al. [35], who likewise found that S-sheet content decreased with the increase of
washing times.

Table 4. Secondary structure of surimi with different washing times.

Secondary

Structure wo wi w2 ws
a-helical (%) 30.87 0242 31.30 £ 0342 31.51 +£ 0262 3191 +0.292
B-sheet (%) 44.06 +0.37b 42.88+0.312 41.85+0.282 42,62 +0.292

B-turn (%) 1218 £0.172 12.62 £0.192 13.52 +£0.14? 12.69 +£0.182

Random coil (%) 12.88 £0.202 13.20 £ 0.222 13.12 +£0.162 12.78 £ 0.16 2

Note: Different letters in the same line indicate significant differences (p < 0.05).

3.5. Low Field NMR Relaxation

LF-NMR analysis results could characterize changes in water mobility and distribution
in surimi gels, which correlated with protein denaturation and aggregation [36]. The T,
relaxation time distribution results of surimi gel with different washing times are shown in
Figure 2 and Table 5. As relaxation components, Ty}, represented the protein binding water
that was tightly bound with macromolecules (bound water), Ty represented the water
embedded in the protein network structure (immobilized water), and T, represented the
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free water outside the spatial structure of surimi gel (free water) [37]. The results showed
that there was more immobilized water and less bound water and free water in the surimi
gel, and most of the water in the surimi gel was bound within the spatial structure, which
was consistent with the findings of Wang et al. [38] and Pan et al. [39]. Compared to the
unwashed mince, washing increased the percentage of Ty, and T and decreased the
percentage of Ty in the surimi gel, indicating that the interaction between water and
protein molecules was weaker, some immobilized water was transferred to free water, and
the mobility of water was enhanced [38].
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Figure 2. T relaxation times of surimi gel with different washing times.

Table 5. Changes of T2 relaxation times of surimi gel with different washing times.

Wo Al w2 w3
Ty, (ms) 0.19 +0.002 0.214+0.01° 0.25 4 0.01°¢ 0.40 4+ 0.01 4
Ty (ms) 60.80 = 0.00 2 60.80 == 0.00 60.80 == 0.00 60.80 = 0.00 2
Ty (ms) 587.28 - 0.00 587.28 -+ 0.00 2 587.28 - 0.00 2 587.28 =+ 0.00 2
Peak areas Ty (%) 2.78 +0.06 2 3.66 +0.03P 3.7440.01b 3.86 +£0.01°¢
Peak areas Ty (%) 93.18 +0.13 P 90.85 = 0.15 2 90.95 £ 0.212 90.56 + 0.17 2
Peak areas Ty (%) 4.05 4 0.002 5.49 + 0.007 © 531 +0.01P 5.57 +0.00 4

Note: Different letters in the same line indicate significant differences (p < 0.05). Typ: relaxation time of bound
water; To;: relaxation time of immobilized water; T»,: relaxation time of free water. Peak areas T;,: percentage of
Top; Peak areas T»;: percentage of Ty;; Peak areas Top: percentage of Tp.

3.6. Microstructures of Surimi Gel

The microstructure of surimi gels with different washing times are shown in Figure 3.
All the surimi gels had a reticular structure and the cross-linking of myofibrillar protein
gave the surimi gels a spatial structure that conferred some elasticity [7]. Bertram, Meyer,
Wu, Zhou, and Andersen [40] demonstrated that the water in the protein structure of the
surimi gels was locked and created pores. The W0 had a loose and rough surface with
varying pore sizes, which was also the reason why the W0 had the lowest gel strength and
WHC [21]. Compared with WO, the pores of surimi gels gradually became smaller with
increasing washing, indicating that washing improved the spatial structure of surimi gels
to some extent. Since washing removed substances that interfered with the gel structure
(such as fat), it allowed myofibrillar protein to aggregate more efficiently, thereby inducing
protein cross-linking and forming a denser gel network [21]. The W2 and W3 gels were
denser and had similar microstructures. The smaller pores in W2 and W3 were uniformly
distributed in the surimi gels, which had a finer and more uniform spatial structure that
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bound more water, giving the W2 and W3 groups of surimi a greater water retention
capacity, which was consistent with their higher WHC, gel strength, water content, and
peak area of Ty, [39]. Kang et al. [41] showed that differences in the gel microstructure
might be related to the pH of the gel and that interactions such as binding and aggregation
of proteins in the gel network were dependent on the temperature and pH.

EHT= 3004V Signal 4 = SE2 Aperture Siza= 20,00 m
wo= 8.7mm Mag= 500X

EHT= 300KV Sigrat = 562 Aperture Size= 2000 pm
Wo= 96 mm iag= 500X

EHT= 30040 Signal.A=SE2 Aperture Size=20.00 g ﬁ

EHT= 5.00kV Signal A= SE2 Aperture Size = 20,00 pm
Wp= 6.7 mm Mag= 500X

WD= 87 mm Meg= 500X

Figure 3. Microstructures (500 x magnifications) of surimi gel with different washing times.

3.7. Protein Oxidation of Surimi during 4 °C Refrigeration

The extent of protein oxidation could be characterized by the carbonyl content. During
storage, carbonyl compounds were produced following the breakage of amino acid side
chains and peptide chains, or they could be produced by the covalent binding of proteins
to oxidation products of sugars or fats in foods, making the carbonyl content an important
indicator of the level of muscle protein oxidation [35]. Changes of the surimi with different
washing times on the carbonyl group of the surimi during 4 °C refrigeration are shown
in Figure 4a. At 0 d, there was no significant difference in the carbonyl content of the
four groups of surimi (1.79-2.10 mmol/mg protein, p > 0.05). However, protein oxidation
was very rapid during refrigeration (4 °C), and the highest values of carbonyl content
(5.69-8.40 mmol/mg protein) were reached in all groups of surimi at 5 d. Among them, the
carbonyl content of W0 increased rapidly, and the carbonyl content of W1, W2, and W3
increased more slowly. Li et al. [4] showed that the unwashed surimi had rapid protein
oxidation during storage because of the high iron hemoglobin that was contained in the
unwashed minced, whereas the washed surimi had more stable protein oxidation during
storage. Some of the fat, myoglobin, pro-oxidant enzymes, and reducing sugars, which
induce protein oxidation, were removed in the washing, which was able to inhibit protein
carbonylation of surimi to some extent [5]. It is undeniable that lipid oxidation is critical as
well as protein oxidation, which is closely related to the flavor and color of surimi samples.
In addition, lipid oxidation and protein oxidation also influence each other. In the presence
of carbonyl and reducing sugars, the Maillard reaction can also occur in the surimi samples
during subsequent processing, resulting in color changes [42,43]. Therefore, the changes
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of protein oxidation, lipid oxidation, and gel quality during storage of different surimi
samples still need further study.
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Figure 4. Changes of surimi with different washing times on the carbonyl group (a) and SH content
(b) during 4 °C refrigeration. Different letters denote the significant difference (p < 0.05).

The combination of free radicals with hydrogen ions that are ionized by sulfhydryl
groups causes the formation of disulfide bonds between (or within) protein molecules,
resulting in a decrease in the total sulfhydryl content, and the change in the total sulfhydryl
content also allows the evaluation of protein oxidation [44]. Figure 4b shows that the total
sulfhydryl content of all four surimi groups showed a decreasing trend during storage,
indicating that some sulfhydryl groups were converted to form disulfide bonds and protein
oxidation occurred. During storage, oxygen continuously combined with protein, which
in turn promoted the oxidation of protein. The sulfhydryl content decreased faster at
0-2 d and more slowly thereafter, which is consistent with the study of Eymard, Baron,
and Jacobsen [5]. The sulfhydryl content of surimi tended to decrease as the washing
times increased and washing significantly reduced the sulthydryl content compared to WO
(p <0.05). The head and tail of myosin include several reactive sulfhydryl groups. When the
conformation of myosin changes, its reactive sulfhydryl groups might be exposed. Washing
promotes the unfolding of the protein spatial structure, allowing buried sulfhydryl groups
to be exposed [7].

3.8. SDS-PAGE Profiles of Surimi

Myosin, actin, and actomyosin are the most important proteins in myofibrillar pro-
tein [6]. Figure 5 shows the SDS-PAGE of surimi with different washing times during
4 °C refrigeration (0 and 5 d). The lanes of the electropherogram correspond to Marker,
WO (0 d of storage), W1 (0 d of storage), W2 (0 d of storage), W3 (0 d of storage), WO (5 d
of storage), W1 (5 d of storage), W2 (5 d of storage), and W3 (5 d of storage), respectively.
The results showed that large molecular proteins (MW > 200 kDa) accumulated at the
top of the separated gel at 0 d due to hydrophobic interaction. Myosin is a salt-soluble
protein and its content was not affected by washing with water, so there was no significant
difference in the intensity of the MHC bands of surimi with different washing times. The
protein bands appeared below 25 kDa in all the groups, indicating the presence of myosin
in surimi at different washing times. However, some smaller fish protein fractions, such as
troponin C, were removed during the washing process [21]. After 5 d, protein molecules
were degraded, as evidenced by the blurring, weakening, expansion, and disappearance of
high molecular weight protein bands and the appearance or concentration enhancement of
low molecular weight bands [45]. With the extension of storage time, the cross-linking of
proteins caused fading of the bands of MHC, MLC, and paramyosin. Li et al. [4] showed
that oxidation of surimi protein was generated by disulfide bonds causing the cross-linking
of proteins, and the degree of oxidation was related to the processing method and the
time of storage. MHC and actin were the main proteins for the gelation of surimi. The
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concentration of this band in surimi decreased after storage, indicating that storage was
not conducive to gelation of surimi.

0d
Wl W2 W3

5d

Marker WO Wo Wi W2 W3

<—myosin heavy chain

~— paramyosin

o

. actin .
= tropomyosin

—— troponin C
- = Moyosin light chain

Figure 5. SDS-PAGE of surimi with different washing times during 4 °C refrigeration.

4. Conclusions

Increasing the washing times improved the physicochemical characteristics and de-
layed the protein oxidation of silver carp surimi, and W2 and W3 were considered to
be the most suitable washes for surimi gels with the most gel strength, WHC, and best
microstructure, as well as less fat oxidation and protein oxidation, and also significantly
reduced the amount of water that was used for rinsing. On the other hand, the surimi yield
of W2 was higher than that of W3. In practice, two washing times can be used to produce
silver carp surimi to improve the quality of surimi gel. However, the effects of different
rinsing treatments on protein oxidation, lipid oxidation, and gel properties during frozen
storage of surimi need further study. While less washing treatment can improve the yield
of surimi, the addition of antifreeze and antioxidants is still required to improve the quality
of frozen surimi.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11162397/s1, Figure S1: Gaussian curve fitting of amide I of
surimi gel with different washing times.
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Abstract: Silver carp (Hypophthalmichthys molitrix) is a potential source for making surimi products.
However, it has the disadvantages of bony structures, high level of cathepsines and muddy off-odor
which is mainly caused by geosmin (GEO) and 2-methylisoborneol (MIB). These disadvantages make
the conventional water washing process of surimi inefficient (low protein recovery rate, and high
residual muddy off-odor). Thus, the effect of the pH-shifting process (acid-isolating process and alkali-
isolating process) on the cathepsins activity, GEO content, MIB content, and gelling properties of the
isolated proteins (IPs) was investigated, comparing it with surimi obtained through the conventional
cold water washing process (WM). The alkali-isolating process greatly boosted the protein recovery
rate from 28.8% to 40.9% (p < 0.05). In addition, it removed 84% GEO and 90% MIB. The acid-isolating
process removed about 77% GEO and 83% MIB. The acid-isolated protein (AC) displayed the lowest
elastic modulus (G'), the highest TCA-peptide content (90.89 =+ 4.65 mg/g) and the highest cathepsin
L activity (65.43 & 4.91 U/g). The AC modori (60 °C for 30 min) gel also demonstrated the lowest
breaking force (226.2 & 19.5 g) and breaking deformation (8.3 + 0.4 mm), indicating that proteolysis
caused by the cathepsin deteriorated the gel quality of AC. The setting (40 °C for 30 min) considerably
increased the breaking force (386.4 + 15.7 g) and breaking deformation (11.6 & 0.2 mm) of the gel
made from the alkali-isolated protein (AK) (p < 0.05). In AC and AK gel, a clearly visible cross-linking
protein band with a molecular weight greater than MHC was seen, demonstrating the presence of
endogenous trans-glutaminase (TGase) activity, that improved the gel quality of AK. In conclusion,
the alkali-isolating process was an effective alternative method for making water-washed surimi
from silver carp.

Keywords: silver carp (Hypophthalmichthys molitrix); pH-shifting process; muddy off-odor; gelling
properties; cathepsin

1. Introduction

The huge annual yield and high nutritional value (rich in protein and polyunsaturated
fatty acids, PUFAs) of silver carp (Hypophthalmichthys molitrix) are the main reasons for its
global importance [1]. With the increase in the global population and the lack of protein
resources, researchers have paid attention to the utilization of fish protein resources, such
as the carps in fresh water in the United States [1]. Yet, due to its bony form and muddy
off-odor, the commercial value of fresh silver carp is quite restricted [2]. The small bones
also make the typical mechanical approach of meat recovery from carp inefficient [3,4].

Fortunately, the pH-shifting process developed by Hultin and Kelleher [5] is conve-
nient for recovering protein from bony fish. This new method involves dissolving fish
muscle protein at either low pH (2-3) or extremely high pH (10.5-12), removing small
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bones using high force centrifugation or filtering, and then adjusting the pH of the lig-
uid to neutrality (pH 5-7) in order to recover the isolated protein (IP). This method has
been carried out in catfish (Silurus asotus) [6,7], atlantic menhaden (Brevoortia tyrannus) [8],
giant squid (Architeuthis) [9], tilapia (Oreochromis mossambicus) [10-12], Cape hake (Merluc-
cius capensis) [13], yellow stripe trevally (Selaroides leptolepis) [14], jumbo squid (Dosidicus
gigas) [15], kilka (Clupeonella cultriventris) [16,17], etc.

Additionally, the functional characteristics of silver carp protein recovered via the pH-
shifting technique were revealed in the literature. This new process successfully eliminated
contaminants such as bones, scales, skin, and fins from whole gutted carp [2,3], and the
IPs could produce gels that were as strong as Alaska pollock surimi or stronger [18]. The
principal gelling protein in muscle, myosin, was evaluated for its conformation and denat-
uration using differential scanning calorimetry (DSC), and the data showed that greater
transition temperatures and myosin’s enthalpy resulted in improved gelling qualities [2].
However, no literature has focused on the effect of the pH-shifting process on several other
components such as cathepsins and trans-glutaminase (TGase) which also determine the
gel properties of surimi.

The high activity of cathepsins is a major disadvantage of silver carp muscle for gel
preparation [19,20], because cathepsins degrade myosin during the gelling temperature of
40-65 °C, resulting in a decrease in gel strength (called “modori”). In contrast, TGase could
improve the gel strength by catalyzing formed cross-links (bonds of e-(y-glutamyl) lysine)
between proteins at 4-40 °C. Microbial TGase was found to really improve the mechanic
properties of silver carp mince and surimi [4,21]. The pH-shifting process recovers a lot of
sarcoplasmic proteins, including the cathepsines and TGase, but they might denature at
different degrees in the extreme pH conditions of the pH-shifting process, surely affecting
the gelling properties of IPs in different ways.

A muddy off-odor is another disadvantage of silver carp muscle being used as food. A
muddy off-odor in silver carp is caused mainly by geosmin (GEO) and 2-methylisoborneol
(MIB), with a threshold of about 0.7 pug/kg [22]. Due to their lipophilic and hemi-volatile
nature, they are exceedingly difficult to be removed via traditional processes, such as
washing, drying, curing and fermentation [22]. The muddy off-odor in catfish and tilapia
was reportedly removed extremely effectively [6,7] using the pH-shifting technique [23].
There is no information available regarding how this treatment affects the silver carp’s
muddy off-odor.

Thus, it is very interesting to look at the impact of pH-shifting on the cathepsin activity,
TGase activity, GEO content and MIB content in silver carp. Additionally, the gelation
properties of IPs were also determined in this study.

2. Materials and Methods
2.1. Materials

Silver carp fillets were bought from a local supermarket. Fresh silver carps (1 kg
average) were slaughtered, headed, gutted, filleted and washed (4 °C) manually.

All chemical reagents used were analytical grade and were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) or Sigma Aldrich Co. (St. Louis, MO, USA).

2.2. Methods
2.2.1. Mince Collection

Skinless, boneless mince for the conventional water washing process was obtained
by passing the fillet through a mini belt deboner (Hengchang Machinery Manufacture Co.,
Ltd., Linyi, China). The aperture of the machine was 5 mm (diameter).

The fillets for the pH-shifting process were removed from the back bone and skin
manually (regardless of the small bones and connective tissue), and then cut into slices.
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2.2.2. Preparation of Conventional Water-Washed Surimi

The water-washed surimi (WM) was prepared according to Luo et al. (2008) [4]. The
mince was mixed three times (v/w) with cold water (4 °C), stirred for 3 min and left to
stand for 15 min (4 °C). Then, we hand-extruded and filtered the washed meat with three
layers of coarse cotton. Washing and filtration processes were repeated three times. The
water-washed surimi was wrapped in polyethylene bags and stored on ice in a cold closet
until its use on the same day.

2.2.3. The pH-Shifting Process

The procedure was performed according to Hultin [5] with slight modification. Fish
slices were homogenized (DS-1 high speed homogenizer, Sample’s Model Factory, Shanghai,
China) 9 times (v/w) with cold water at 10,000 r/min for 30 s. Then, the meat slurry was
stirred and adjusted the pH value using HCI or NaOH solution (1 mol/L). The pH values
were 11.8 and 2.3 for alkali- and acid-isolating processes, respectively. After adjusting
the pH to the desired (expected) value, it was continuously stirred for 30 min, followed
by centrifuging (4 °C, 10,000 g for 10 min), and discarded the sediment (small bones,
connective tissue and scales), adjusted the pH value of the supernatant to 5.5 using HC1
or NaOH solution (1 mol/L) and then centrifuged (4 °C, 10,000x g for 30 min). The
supernatant was discarded, and the isolated proteins (IPs) in the sediment, including the
acid-isolated protein (AC) or alkali-isolated protein (AK), were collected and packed in
polyethylene bags, stored in an ice-cold closet and used within four hours.

2.2.4. Protein Recovery Rate

After the fish fillets and IPs were recovered, the weight was recorded and the weight
ratio was calculated, the ratio was the recovery rate (at the same moisture content). The
recovery of the protein was calculated as follows:

_ Weight of recovered protein

Protei %) = 1
rotein recovery (%) Weight of initial fillet x 100

2.2.5. Cathepsin Activity

Samples were extracted with 25 mmol/L sodium acetate (v/w) buffer solution which
contains 5 mmol/L cysteine and 0.3 mmol/L phenylmethylsulfonyl fluoride (PMSF), and
the pH of the extraction was adjusted to 5.0, then centrifuged at 12,000 x g for 2 min and
repeated 4 times. The supernatant was collected as the enzyme extraction.

Enzyme activity was determined according to Liu et al. [20]. Briefly, Z-Phe-Arg-
MCA and Z-Arg-Arg-MCA were used as substrates for cathepsin L and cathepsin B,
respectively. The enzyme and substrate were blended, and then incubated at 40 °C for
10 min. The fluorescent intensity of aminomethylcoumarin (AMC) released via hydrolysis
was determined in a fluorescence spectrophotometer (LS55, Perkin Elmer, Waltham, MA,
USA) with 380 nm of excited wavelength and 460 nm of emitted wavelength. The amount
of activity releasing 1 nmol of AMC per minute was recorded as one unit of enzyme activity.

2.2.6. Determination of GEO and MIB

The GEO and MIB were extracted based on the method of Phetsang [6] and Fu [24].
Microwave-mediated distillation and solid-phase microextraction (SPME) were used for
extraction, followed by gas chromatography mass spectrometry (GC/MS) for analysis,
using the PEG-20M capillary column (30 m x 0.25 mm X 0.25 pm). The helium carrier
gas (99.99% purity) flow rate was 1.0 mL/min. The initial temperature of the GC oven
was 60 °C, then it increased to 120 °C at 10 °C/min rate, then it increased to 230 °C at
20 °C/min rate and it was held for 1 min. The injector temperature was 200 °C, and the
ionization energy (EI) was 70 eV; the El ionization source was 230 °C. The detector was set
in the electron impact (EI) ionization mode at 70 eV in full scan mode with a mass/charge
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ratio (1m/z) range from 50 to 500. The characteristic ion mass/charge ratio (1/z) of MIB
and GEO was 95 and 112, respectively.

Gas chromatograph grade MIB (Sigma Aldrich Co., Ltd., St. Louis, MO, USA) and
GEO were used as the exterior standards.

2.2.7. Rheology Studies

The function of temperature in the gel forming procedure was determined using an
AR-1000 rheometer (TA Instruments, New Castle, DE, USA). The WM and IPs were diluted
with 0.60 mol/L KCl and 0.02 mol/L Tris-HCl buffer (pH 7.0) at 4 °C, until the final protein
concentration was 35 mg/mL. The solution was then homogenized at 10,000 r/min for
30 s, before the air bubbles were removed via vacuuming. The conditions of the rheometer
were as follows: gap 1 mm, steel cone 2°, shear strain 0.02, shear frequency 0.1 HZ and the
temperature increased from 20 °C to 85 °C at 1.5 °C/min.

2.2.8. Heat-Induced Gel

The WM and IPs were chopped by a food processor (La Minerva 22A /221, Bologna,
Italy) (10 °C) for 6 min, and then sucrose (2 g/100 g), sorbitol (2 g/100 g), NaCl (3 g/100 g)
and polyphosphate sodium (0.3 g/100 g) were added, with the addition of crushed ice and
the moisture content being adjusted to 80 g/100 g. The paste was put into a polyvinylidine
chloride casing with a diameter of 2.5 cm and was sealed tightly at both ends. The paste
was incubated directly at 85 °C for 30 min (kamaboko gel), or at 40 °C (setting gel) or 60 °C
(modori gel) for 30 min, and was then heated at 85 °C for 30 min in a water bath [8]. After
all of the gels were heated, they were immediately cooled in ice water for 30 min, and then
stored at 4 °C for analysis the next day.

2.2.9. Determination of the Gel Strength: Hardness and Elasticity

Gel hardness and elasticity were determined by a puncture test using a TA-XT2 texture
analyzer (Stable Micro Systems, Godalming, UK) which was equipped with a 5 mm cylinder
plunger (P/0.5). Gels were evaluated and equilibrated at ambient temperature (28-30 °C)
for 2 h. Five cylinder-shaped samples (d = 2 cm) which had a length of 2.5 cm were
measured. When the gel was compressed with a speed of 60 mm/min and operating depth
of 2 cm, the load value (g) at the broken point indicated the hardness, while the breaking
deformation (mm) represented the elasticity [25].

2.2.10. TCA-Soluble Peptide Measurement

TCA-soluble peptide was determined according to the Lowry method and the content
was expressed as a mg tyrosine/g sample [25].

2.2.11. Determination of Disulfide Bond Content

The disulfide bond was assayed using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB)
according to the method of Benjakul [26]. The disulfide bond was calculated using the
extinction coefficient of 13,900/mol/cm.

2.2.12. SDS-Polyacrylamide Gel Electrophoresis

Gel electrophoresis was carried out according to Laemmli [27] using 4% stacking gel
and 10% acrylamide separating gel. The sample buffer was triseglycine (pH 8.8), which
contained 1 g/100 mL SDS and 1 mL /100 mL L-mercaptoethanol. The sample concentration
was 1 mg/mL, and the loading volume was 15 pL. Electrophoresis (Bio-RAD Mini Protein
system, Bio-Rad, Hercules, CA, USA) was carried out at a constant voltage of 120 V. The
film was fixed with 15% trichloroacetic acid for 30 min, dyed with 0.125% (w/w) R-250 for
12 h and then decolorized with 40% ethanol (v/v) + 10% acetic acid (v/v).
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2.2.13. Statistical Analysis

All chemical analyses were carried out in triplicate. In physical analyses, e.g., structure
property, at least 5 measurements for each treatment were conducted. Data were subjected
to analysis of variance analysis (ANOVA) using an SPSS package (SPSS 17.0 for Windows,
SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Protein Recovery, Activity of Cathepsin, Content of GEO and MIB

As shown in Table 1, the protein recovery rates of the water washing process and
alkali- and acid-isolating processes were 28.8%, 38.5% and 40.9%, respectively. The pH-
shifting method extended the recovery rate considerably (p < 0.05) and the consequences
were similar to the preceding studies of other researchers [1,2] because the water soluble
sarcoplasmic proteins were recovered via a new method but went away with the water via
the conventional water wash process. Moreover, numerous amounts of meat sticking to the
small bones were discarded in the mechanical deboning of the conventional process but
were recovered in the new process, which also increased the recovery rate.

Table 1. The effect of the process on the protein recovery rate and residue activity of cathepsin B and

cathepsin L.
Protein Cathepsin B Cathepsin L
Recovery (%) (Ulg) (Ulg) GEO (ug/kg)  MIB (ug/kg)
Muscle - 152.33 £821% 92514+620% 151+0.08% 206+011%
WM 288 +0.87° 7.79 £213°¢ 2914 £159¢ 0924 0.05° 1.02 +0.05°
AC 385 +£0.59° 2558 +4.85° 6543 +4.91° 035+0.03°¢ 0.33 £0.03
AK 40941242 8.53 £2.60 ¢ 27.67 £238¢ 026+004¢ 02140039

a-d Means in each column with different superscript letters are significantly different (p < 0.05) (n = 3). GEO
indicates geosmin, MIB indicates 2-methylisoborneol. WM: water-washed surimi, AC: acid-isolated protein, AK:
alkali-isolated protein.

As shown in Table 1, the cathepsins were effectively removed (p < 0.05). The muscle
contained more cathepsin B than cathepsin L, while WM and IPs retained more cathepsin L
than cathepsin B, indicating that cathepsin L bound more tightly with the muscle protein
than with cathepsin B. The AC contained much higher activity of cathepsin L which might
be due to the high activation of cathepsin L during acid treatment. Heidtmann et al. [28]
showed that cathepsin L activity could be enhanced by acid treatment.

The muddy off-odor compounds in the silver carp muscle were effectively removed
during the pH-shifting process by about 77% for GEO and 83% for MIB in the acid-isolating
process, and 84% for GEO and 90% for MIB in the alkali-isolating process, respectively,
while water washing removed about 39% of GEO and 50% of MIB (Table 1). This was
similar with the results of Kleinholz Christina et al. [23], who found that the change process
of the pH value could significantly reduce the odor of catfish (p < 0.001); MIB and GEO
were reduced from 1.396 and 1.992 pg/kg to 0.104 ug/kg MIB and 0.258 ng/kg GEO,
respectively, using phosphoric acid and to 0.0987 pg/kg MIB and 0.426 pg/kg GEO using
NaOH. The removal of GEO and MIB was the result of the lipid reduction in the pH-shifting
process, due to the lipophilic nature of GEO and MIB [7].

3.2. Rheology Properties

The elastic modulus (G’) of WM and IPs was shown in Figure 1. The G’ of WM
included two peaks, at 47 °C and 76 °C, respectively, and a minimal peak at 57 °C, which
was similar to the report of Abdollahi et al. [17]. The first G’ peak in the 40-50 °C range
corresponded to the denature of the myosin head, with conformational changes and the
exposure of reactive groups. This ensured a gradual sol-gel transition to form an ordered
initial protein grid. Subsequently, the properties of light meromyosin changed and caused
a decrease In G/, resulting in increased fluidity [29]. In addition, it has been increasingly
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accepted that the first increase in G’ involves the TGase-mediated covalent [26]. The second
increase in G’ started at 57 °C, the peak was 76 °C and it corresponded to the myosin rod
denature (at about 63 °C) and actin denature (at about 68 °C) [3]. In this step, the final
kamaboko network was formed. In addition to the disulfide bonding, the formation of
intermolecular hydrophobic interactions also occurs during heating [30,31].
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Figure 1. Rheology of surimi and isolated proteins. WM: water-washed surimi, AC: acid-isolated
protein, AK: alkali-isolated protein.

The initial G’ of AC and AK was considerably lower than WM, indicating less molecule
interaction in AC and AK. The G’ of AC and AK increased at about 42 °C, and the peak
at 47 °C disappeared, indicating the denaturation or aggregation of the myosin head.
According to Kristinsson and Hultin [32], the myosin partly unfolded in the extreme pH of
the pH-shifting process, resulting in a “molten globular” state; when they then adjusted
the pH to 5.5, the globulin rod refolded to the native structure, whereas the globulin head
partially misfolded. Furthermore, it had to be noted that a typical ‘modori” was observed
for AC (the G’ of AC declined above 65 °C). The proteolytic degradation due to cathepsin
enzymes was supposed to be the mechanism responsible for ‘modori’ [19,20], which is
consistent with the result that AC retained the highest cathepsin L activity (Table 1).

3.3. The Content of TCA-Soluble Peptide

The TCA-soluble peptide is shown in Table 2. TCA-soluble peptides indicate the
degree of hydrolysis of the muscle protein: the higher the content, the greater the degree of
hydrolysis [25]. The TCA-soluble peptide content in WM was less than that of AC and AK
(p < 0.05). In comparison to modori gels, the TCA-soluble peptide content of kamaboko gel
was lower (p < 0.05). The highest TCA-soluble peptide content (90.89 mg/g) of the modori
gel of AC indicates that serious hydrolysis of the proteins occurred. These results were
consistent with the results of cathepsins (Table 1).

3.4. The Content of Disulfide

Numerous disulfide bonds were formed during gelling; however, there was no signifi-
cant difference (p > 0.05) within the disulfide content of various gels. It is acknowledged
that disulfide (S-S) bonds are crucial to the way that heat causes the protein to gel. SH
oxidation into S-S bonds and/or the SH-induced S-S interchange could cause the covalent
cross-linking of protein molecules. The disulfide bond is considered to be the main covalent
bond formed in protein gel during high temperature heating (cooking at >40 °C). According
to the report of Hossain et al. [33], the formation of disulfide bond polymerization in the
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WM gel was almost constant, and it was proposed that disulfide bond polymerization
occurred during cooking at 80 °C.

Table 2. TCA-soluble peptide content (mg/g) and disulfide content (mol/107 g protein) of WM, IPs
and gels prepared under different conditions.

Peptide Content (mg/g) S-S Content (mol/107 g Protein)
Samples
WM AC AK WM AC AK
Surimi/IPs 31.71 +£1.32°¢ 46.85 + 250 2 36.37 + 1.87P 249 +0.12€ 397 +0.18 B 446 +£0214
Kamaboko 4418 +241" 61.42 +3.082 47.05+1.35P 15.26 + 1.10 4 15.01 + 0.81 A 15.14 +1.25 4
Setting gel 52.56 4 2.64 ¢ 77.55 +2.522 61.27 +3.99 b 15.35 4+ 0.96 A 15.30 4+ 0.64 A 15.42 + 0.77 A
Modori gel 62.92 +2.86 ¢ 90.89 + 4.652 76.84 +2.15P 15.18 + 1.05 4 14.81 +1.32 4 1520 + 1.19 4

27¢ Means in each row of peptide content with different superscript letters are significantly different (p < 0.05)
(n=3). A€ Means in each row of S-S content with different superscript letters are significantly different (p < 0.05)
(n = 3). WM: water-washed surimi, AC: acid-isolated protein, AK: alkali-isolated protein, IPs: the isolated
proteins.

3.5. Protein Pattern of WM, IPs and Gels

A decrease in the myosin heavy chain (MHC, 200 kDa) band intensity was determined
in all modori gels compared with their corresponding kamaboko and setting gel (Figure 2).
The lowest MHC band intensity was found in AC’s modori gel. The reduction in the MHC
of AC gels was synchronal with an increase in TCA-soluble peptide content (Table 2), and
AC retained more cathepsins (Table 1).
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Figure 2. Protein patterns of gels prepared under different conditions: 1, standard proteins; 2, kam-
aboko gel of WM; 3, setting gel of WM; 4, modori gel of WM; 5, kamaboko gel of AC; 6, setting gel of
AC; 7, modori gel of AC; 8, kamaboko gel of AK; 9, setting gel of AK; and 10, modori gel of AK. WM:
water-washed surimi, AC: acid-isolated protein, AK: alkali-isolated protein.
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The gels of AC and AK showed obvious cross-linked protein bands with higher
molecular weight than MHC (Figure 2). This might be due to the endogenous TGase, which
can induce protein cross-linking, because the cross-linking of water-washed surimi gel
proteins mainly includes the disulfide bond and TGase-mediated bond of e-(y-glutamyl)
lysine, and the disulfide content of gels was almost the same (Table 2). Because sarcoplasmic
proteins are retained throughout the pH-shifting process, IPs might retain more endogenous
TGase than conventionally washed surimi, and it was indicated that the extreme pH of the
pH-shifting method did not totally inactivate the TGase. In addition, the conformational
changes in the myofibrillar protein during the acid and alkaline processes could expose
more functional groups, which were used for TGase-induced cross-linking [32].

3.6. Gel Strength

The breaking force and deformation force of kamaboko gel prepared from WM were
higher than those from AC and AK, and the breaking force of the AC gel was the lowest
(p < 0.05) (Table 3). These results were consistent with Paker’s report [3] about silver carp,
finding that IP from the alkali-isolating process (solubilizing pH 11.5) showed significantly
(p < 0.05) higher shear stress than IP from the acid-isolating process (solubilizing pH 2.5).

Table 3. Breaking force and breaking deformation of gel prepared under different processes and

conditions.
Surimi/IPs Breaking Force (g) Deformation (mm)

Kamaboko gel 467.2 +20.6° 12.1+03P

WM Setting gel 489.1 +16.1° 123+03P
Modori gel 3159 +18.8°¢ 10.8 £ 0.59¢
Kamaboko gel 3475 +24.7°¢ 11.7 +£ 03¢

AC Setting gel 302.6 +20.4 ¢ 103+ 04°

Modori gel 22624195 f 83+04f
Kamaboko gel 435.8424.6 ¢ 11.9 £ 0.4 b

AK Setting gel 518.9 4+ 21.42 128 £032
Modori gel 386.4 & 15.7 4 11.6 + 024

af Means in each column with different superscript letters are significantly different (p < 0.05) (n = 5). WM:
water-washed surimi, AC: acid-isolated protein, AK: alkali-isolated protein, IPs: the isolated proteins.

Although no peak was observed at the setting temperature (about 40 °C) in the G/
curve (Figure 1) for AK, setting improved the breaking force and deformation of the AK
gel considerably (p < 0.05), as well as the WM gel, indicating that WM and AK contain
notable TGase activity, in accordance with the result of SDS-PAGE (Figure 2). It has long
been assumed that the activity of endogenous Tgase plays a significant role in setting.
Tsukamasa et al. [34] reported that the index of breaking strength and the index of the
(v-glutamyl) lysine cross-link concentration had a high correlation (r = 0.987). The breaking
force and breaking deformation of AC gels were dramatically reduced by Modori (p < 0.05),
which might be explained by the fact that AC retained more cathepsins (Table 1). The
proteolytic degradation of myofibrillar proteins, particularly myosin, resulted in a decrease
in molecular mass and a loss in structural domains, which are essential for molecular
interaction [35], such as forming gel structure. The proteolytic degradation of myofibrillar
has an adverse effect on the quality of water-washed surimi and significantly reduces the
gel strength. Taking into account the result of rheology (Figure 1) and cathepsin activity
(Table 1), it was certain that the cathepsins retained in AC were key components in causing
the gel deterioration.

4. Conclusions

The pH-shifting process increased the protein recovery rate and reduced the muddy
off-odor compounds in silver carp effectively.
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The AC retained the highest cathepsin L activity. Furthermore, the AC showed a
higher content of the TCA-soluble peptide and a lower intensity of the MHC band, and the
modori gel of AC demonstrated the lowest breaking deformation and breaking force which
also proved the presence of cathepsins in AC.

Setting improved the breaking force and breaking deformation of AK gel considerably
(p < 0.05), and an apparent cross-linking protein band with molecular mass on top of MHC
was determined in AC and AK gels, indicating that the Tgase might be partly retained
in the pH-shifting process. In conclusion, the alkali-isolating process was an effective
alternative method for making surimi from silver carp.
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Abstract: Divalent calcium ions (Ca®*) are often used in surimi gels to improve their physicochemical
characteristics. The present study aimed to investigate the effect of calcium lactate on the physico-
chemical properties, state distribution of water, and protein structure changes of surimi gels made
from large yellow croaker. The results showed that the addition of calcium lactate (0%, 0.5%, 1.5%,
2.5%, 3.5%, and 4.5% on wet surimi) significantly (p < 0.05) increased gel strength and whiteness,
while cooking loss decreased. The water-holding capacity increased first and then decreased. When
calcium lactate was added to 1.5%, the water-holding capacity reached the best value. Using low-field
nuclear magnetic resonance to study the distribution of water state, the bound water content first
increased and then decreased with the addition of calcium lactate, reaching the highest at 1.5%. In
addition, the relaxation time of immobilized water was shortest at the addition of 1.5% calcium
lactate. Analyzing the protein structural changes by Raman spectroscopy showed that there was
a significant decrease (p < 0.05) in the «-helix accompanied by an increase in -sheets, turns, and
random coils after the addition of calcium lactate. The above changes were due to the Ca®* that was
bound to the negatively charged myofibrils to form a protein-Ca®*-protein cross-linking. Therefore,
the addition of calcium lactate had a significant positive effect on the gelling ability of surimi.

Keywords: large yellow croaker; calcium lactate; surimi; low-field nuclear magnetic resonance;
Raman spectroscopy

1. Introduction

Large yellow croaker (Pseudosciaena crocea) that is mainly limited to the coastal waters
of continental East Asia is one of the three top commercial marine fishes of China [1]. It
is rich in protein and fat as well as essential amino acids and polyunsaturated fatty acids.
Large yellow croaker resources are very abundant in China [2]. In 2020, the seawater
aquaculture production of the large yellow croakers had reached 21,353,100 tons in China.
Due to the sales and transportation in the form of living life, and due to the external tem-
perature and transportation time restrictions, its freshness cannot be effectively guaranteed.
Therefore, the deep processing of the large yellow croaker into surimi can solve the problem
of its decay in a short time and enrich its product form. The process of surimi involves
taking meat, chopping, washing, dehydration, refining, as well as bagging. The most
common types of surimi products in China’s freshwater surimi market are fish balls, fish
cake, fish rolls, fish intestines, etc. These products can be transported and stored in the
low hand environment of minus 20 °C, suitable for urban family consumption, convenient
production, and fresh and tender taste. In 2020, the production of surimi product was
1,267,727 tons in China [3]. It has a significant market consumption potential. However, the
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high fat content of large yellow croakers would be averse to surimi gelatin. Polyphosphates
are generally used to improve the quality of surimi gels [4,5], while high doses of them can
cause kidney damage and interfere with the absorption of calcium [6].

The characteristics of the physics of surimi gels is one of the important aspects of
studying its quality, which is closely related to the function of myofibrillin, and further
changes its microstructure. Therefore, calcium ions (Ca%*) were added to improve the
gelling properties of croaker surimi in this study as Ca?* can increase the protein—protein
interactions via the formation of a salt-bridge between negatively charged myofibrillar
proteins [7,8]. In addition, different forms of calcium salts, such as lactate, citrate, sulfate,
and caseinate, have been known to activate indigenous transglutaminase, which can
catalyze the cross-linking reaction between y-carboxyamide groups of glutamine and e-
amino groups of lysine to form a e-(y-glutamyl) lysine linkage, leading to the formation of
stronger gel [8]. Calcium lactate, an excellent additive naturally present in the human body,
has a higher solubility and bioavailability than calcium gluconate, calcium citrate, calcium
carbonate, and calcium phosphate [9]. Previous studies have shown that calcium lactate
can improve the textural properties of fish samples [10]. In addition, as one of the potential
natural sources of antibacterial agents, the product of lactic acid itself has an antibacterial
effect [11]. However, there is little information about the effect of calcium lactate on the
characteristics of surimi of large yellow croaker.

Low-field nuclear magnetic resonance (LF-NMR) can be used to qualitatively and
quantitatively analyze the water distribution and water mobility in food according to the
spin-spin relaxation time (T2) of samples [12]. Raman spectroscopy can be used for rapid
nondestructive detection of protein structure and qualitative and quantitative analysis of
changes in protein functional groups [13]. Therefore, in this paper, LF-NMR and Raman
spectroscopy were used to study the effect of calcium lactate on the protein structure and
water status of large yellow croaker, as well as the relationship between calcium lactate
and surimi gel characteristics parameters, to provide a theoretical basis for the quality
evaluation and improvement of surimi products.

2. Materials and Methods
2.1. Materials

Dozens of 500 g large yellow croakers were purchased from local aquatic markets
(Ningbo, China) and brought to the laboratory covered with ice cubes within 24 h. Calcium lac-
tate is food grade and offered by Jindan Lactic Acid Technology Company (Zhoukou, China).

2.2. Cooking Loss

Cooking loss (CL) was measured using a method described by Yang, Wang, Wang,
and Ye [14]. Before and after heating (90 °C, 20 min), the weight of surimi gel was G1 and
G2, respectively. The CL was represented as the loss of liquid:

CL (%) = (G1 — G2)/G1 x 100 1)

2.3. Preparation of Surimi Gels

Fish head, skin, dark muscle, and bones were removed manually and the flesh was
minced to uniformity using a mincer within about 2 min. The mince was washed at
a water/mince ratio of 4:1 (w/w) and then stirred for 10 min. The homogenate was
centrifuged at 4000 x g for 10 min at 4 °C after washing. Washed mince was chopped for
10 min and chopped with 2% NaCl (w/w, on fish mince) for another 10 min at 4 °C. Then,
the chopped mince continued to be chopped for 5 min with starch (3%, w/w, on fish mince)
and calcium lactate (0%, 0.5%, 1.5%, 2.5%, 3.5%, and 4.5%, w/w, on fish mince). Finally, all
the surimi samples were stuffed into a casing and heated immediately for 1 h at 40 °C and
then for 30 min at 90 °C in a water bath.
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2.4. Color Evaluation

Three gel samples of each treatment were subjected to color evaluation using a Hunter-
Lab (CM-400d, Konica Minolta, Tokyo, Japan). Illuminant C was used as the light source of
every measurement. Measurement of L* (lightness), a* (redness/greenness), and b* (yellow-
ness/blueness) values was conducted. Whiteness was calculated using Equation (2) [15]:

Whiteness = 100 — [(100 — L*)? + (a*)? + (b*)?]'/2 )

2.5. Gel Strength

Gel strength was measured according to the method of Abe, Asada, and Kajiwara using
a texture analyzer (Model TA-XT2, Stable Micro Systems, Godalming, Surrey, UK) [16].
Gels were cut into cylinder-shaped samples with a diameter of 25 + 1 mm and height of
15 + 1 mm and equilibrated at room temperature (25 °C). A probe model of the P/0.5 s
spherical probe, a maximum displacement of 15 mm, a trigger force of 5.0 g, and a test
speed of 1 mm/s were set as the main parameters. Each type of sample was determined in
triplicate. Gel strength is also known as elasticity as a significant indicator that represents
the gel forming ability of surimi. The gel strength was calculated according to Equation (3).
The value of the breaking force was read at the first peak force (g) according to the force—
time deformation curve. The breaking distance was the distance traveled by the probe from
the surface of the sample to the point of breakage.

Gel strength (g x c¢m) = breaking force (g) x breaking distance (cm) 3)

2.6. Water-Holding Capacity of Surimi Gels

The water-holding capacity (WHC) was measured using a method described by
Sénchez-Gonzalez with slight modifications [17]. A 1.5 g sample of surimi packed with
a piece of filter paper was introduced into centrifuge tubes and centrifuged at 4900x g
(TDL 50C, Anting Scientific Instrument Factory, Shanghai, China) for 15 min at room
temperature. The mass m1 (g) before centrifugation and the mass m2 (g) after centrifugation
were measured, and the WHC was m2/m1 x 100%. Measurements were determined
in triplicate.

2.7. LFE-NMR Measurement of Surimi Gels

The LE-NMR relaxation measurements were performed on a Niumag Micro MR 20-
025 (Niumag Electric Corporation, Suzhou, China) operating at a resonance frequency for
hydrogen protons of 18.17 MHz. An approximately 5.6 g sample was placed in a 25 mm
glass tube and inserted in the LF-NMR probe. A Carr—Purcell-Meiboom-Gill (CPMG)
pulse sequence was employed to measure the spin-spin relaxation time, and the pulse
parameters were as follows: P90 (us) = 5.50, P180 (us) = 11.00, SW (kHz) = 200, D3 (us) = 20,
TR (ms) = 2000, RG1 = 20, RG2 = 3, NS = 4, EchoTime (us) = 250, and EchoCount = 10,000.

2.8. Raman Spectroscopy of Surimi Gels

The Raman spectra of surimi gels were recorded by a spectrometer equipped with
a 50x lens as a microscope (Ningbo Institute of Industrial Technology, Ningbo, China).
It was used to focus the excitation laser beam (532 nm exciting line of a Spectra Physics
Ar-laser) on the sample spread on a glass slide and collected the Raman signal in the
backscattered direction. The laser power was controlled at about 12 mW and the laser
spot diameter was about 1 um at the sample surface. The Raman spectra were recorded
in the range of 200-3650 cm~!. Each spectrum according to 30 scans, 20 s exposure
time, and 1 cm ™! resolution conditions was obtained. Furthermore, Raman spectra were
baseline-corrected and normalized against the phenylalanine band at 1003 cm ™! using the
LabSpec Application.

Raman spectroscopic data were then analyzed with the PeakFit v4.12. Fourier reflexive
convolution, second-derivative analysis, and band curve fitting are three methods to open
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and sharpen overlapping hidden peaks. In this experiment, PeakFit V4.12 was used to
perform nonlinear fitting of peaks in spectral data to quantitatively calculate the area of
each secondary structure, and then the second-derivative spectrum was used to locate
overlapping hidden peaks. Finally, the curve fitting function was used to calculate the area
of each peak, reported as a percentage [12].

2.9. Statistical Analysis

All the results were in triplicate and statistically analyzed by the SPSS 8.0 software.
(International Business Machines Corporation, Chicago, IL, USA). Analysis of variance
(ANOVA) was employed to determine the significance of main effects. Significant dif-
ferences (p < 0.05) between means were identified using Duncan’s multiple range test.
Correlations between different indices were analyzed using Pearson type.

3. Results and Discussion
3.1. CL of Surimi

The CL of large yellow croaker surimi gels with added calcium lactate (0%, 1.5%,
2.5%, 3.5%, and 4.5%, w/w) is shown in Table 1. The CL of the control sample was higher
than the sample with a calcium lactate content over 3.5% and lower than the sample with
a calcium lactate content less than 2.5% (p < 0.05). This suggested that adding calcium
lactate surpassing 3.5% could prevent the water loss during cooking and that it had a good
protective effect on the CL stability compared with the control sample.

Table 1. Effect of calcium lactate on cooking loss, water-holding capacity, whiteness, L*, a*, and b*.

Water-Holding

L::;lactleu(m%) Cook::/:g Loss Cag/ajity Whiteness L* a* b*
0 12.13 £0.007 ¢ 77.86 4 0.01 bc 74.87 £0.64 a 7531 £0.62 a —2.75+£0.09d 371 +£054d
0.5 19.85 4 0.003 e 78.72+0.03 ¢ 75.07 =043 b 7547 041 a —255+0.13e 3.67 £0.39d
15 20.17 £ 0.010 e 78.89 £0.01 ¢ 75924+ 0.63b 7643 +0.66ab  —2.67+0.12c 3.86 =046 e
2.5 16.67 £0.005d  74.01 £0.04b 76.84 £ 0.56 ¢ 7721 £0.55¢ —292+£0.13b 2.82+049c
3.5 10.02 £ 0.003 b 71.68 & 0.04 a 7748 £0.54d 7791+ 0.56d —3.06 £0.10a 1.86 £0.13a
4.5 8.47 £0.002 a 71.12 £0.02 a 77.58 +£0.36 d 77.71 £0.35d —295+0.15b 1.97 +0.37 be

Results are presented as the mean + standard deviation. Different letters (a—e) in the same column represent
significant differences (p < 0.05). L*, lightness; a*, redness/greenness; b*, yellowness/blueness.

3.2. Whiteness of Surimi Gels

The effects of calcium lactate on whiteness, L* (lightness), a* (redness/ greenness), and
b* (yellowness/blueness) of large yellow croaker surimi gels are shown in Table 1. The
different calcium lactate contents resulted in the change in color properties of surimi gels.
The whiteness of the surimi gels added with 0.5-4.5% calcium lactate was 75.07-77.58,
all higher compared with the control gels of 74.87 (p < 0.05). Whiteness is an important
parameter to determine the quality of surimi, with values greater than 75 generally con-
sidered acceptable [18,19]. In addition, with increasing calcium lactate contents in surimi,
the results showed rising values of whiteness. Therefore, adding calcium lactate might
improve the whiteness of surimi gels.

3.3. Strength of Surimi Gels

The effect of calcium lactate on the gel strength of surimi of large yellow croaker
is shown in Figure 1. Compared with the control group, the addition of calcium lactate
significantly enhanced the gel strength in the range of 0.5-4.5% and reached the maximum
gel strength at 4.5% (p < 0.05). These results are consistent with the report of Lee and Park
(1998) [9]. Calcium lactate not only has good water solubility, but divalent calcium ions
may also strengthen the fixation of the tissue structure, acting equally with monovalent salt
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ions on surimi gels. Thus, calcium lactate obviously affected the gel strength of surimi to
improve its quality [19].
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Figure 1. Effect of calcium lactate on breaking force, breaking distance, and gel strength. A—E: differ-
ent letters at breaking force differ significantly (p < 0.05). X-Z: different letters at gel strength differ
significantly (p < 0.05). F: indicates no significant difference (p > 0.05) at breaking distance.

3.4. WHC of Surimi Gels

WHC is an important parameter as the capacity of surimi gels to retain water in the
microstructure. In Table 1, there is a significant difference (p < 0.05) in WHC between
calcium-lactate-added groups and the control. The surimi gels with low addition levels
(0.5-1.0%) of calcium lactate has a higher WHC than the control gels. By contrast, high
addition levels (1.5-4.5%) of calcium lactate reduce the WHC of surimi gels. The WHC
of surimi improved by a certain concentration of Ca?* at the appropriate temperature,
which could activate transglutaminase in surimi and catalyze the cross-linking between the
carboxyl amide groups in glutamic acid residues and other amino acid residues [20].

3.5. Water Distribution of Surimi Gels

LF-NMR as a rapid, nondestructive monitoring method was used to investigate
changes in water mobility during food processing by measuring proton relaxation [21,22].
The proton spin-spin relaxation time (T2) indicates various statuses of water and is directly
related to the mobility of water in food [11]. The properties of water states and the
distribution of large yellow croaker surimi gels were evaluated by the LE-NMR.

Figure 2A shows the effect of calcium lactate on the T2 distribution of large yellow
croaker surimi gels. A range (T22) with a relaxation time around 30-100 ms is known as
the immobilized water and a small range at about 200-400 ms (T23) is free water. The
range at 1-15 ms (T21) was on behalf of the bound water with large molecules such as
proteins in the gel system [15]. In Table S1, the relaxation time peaks of T21, T22, and T23
populations significantly decreased in most of the calcium lactate-added surimi (p < 0.05)
compared with the control group, indicating that water mobility also diminished in the
surimi after adding calcium lactate. The results also indicated that the addition of calcium
lactate had a significant effect on the T23 (p < 0.05) but had no significant effect on the T21
(p > 0.05). When the addition level of calcium lactate was less than 1.5%, the T23 of surimi
gels was shortened. Thus, a proper amount of calcium lactate can limit the flowing of water
in the surimi.
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Figure 2. Effect of different dosages of calcium lactate on T2 relaxation time (A) and the relative
content (B) of bound water (RC21), immobilized water (RC22), and free water (RC23) of large yellow
croaker surimi gels.

Comparison of the continuous distribution profiles revealed clear differences in the
distribution of water mobility between the addition of calcium lactate and control groups.
The relative content of immobilized water (RC22) decreased first to the lowest at 1.5%
calcium lactate and then increased with the addition of 2.5-4.5% calcium lactate (Table S1).
According to the experimental results, the free water content (RC23) of surimi gels with
0.5-2.5% calcium lactate was higher than the control group, while the 3.5-4.5% calcium
lactate group was lower than the control group.

3.6. Raman Spectroscopy of Proteins in Surimi Gels

Raman scattering spectroscopy was applied in this study to explain the backbone
conformations of protein molecules in surimi gels. Changes in the Raman bands of pro-
tein chemical groups provided the information of changes in the secondary and tertiary
structure of proteins [23-25].

In this present study, a detailed spectral analysis provided a valuable tool for the
study of large yellow croaker surimi gels with calcium lactate addition. Raman spectra of
large yellow croaker surimi gels with various concentrations of calcium lactate (0%, 1.5%,
2.5%, 3.5%, and 4.5% w/w) in the region are shown in Figure 3. The assignments of the
corresponding bands are included in Table S2 [24,26,27].
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Figure 3. Original Raman spectrum (300-2000 cm ™! (A) and 2750-3050 cm ™~ (B)) of large yellow
croaker surimi gels with various dosages of calcium lactate.
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3.6.1. Changes in the Secondary Structure of Protein

The Raman band that provides information about the secondary structure of surimi
gels is amide III, which mainly involves C-N stretching, N-H in-plane bending, C-C
stretching, and C=0 in-plane bending vibrations of the peptide bond [27]. It was difficult to
interpret the amide Il band as the vibrational spectroscopy of surimi gel protein produced a
complex pattern of bands in the 1225-1350 cm ! region (Figure 3A, Table S2). The intensity
of the a-helix structure representing this band around 1260-1300 cm~! overlapped with
the range of turns. Despite the 3-sheet and random coil bands superposition in the amide
11 region (1250 and 1240 cm™!), an increasing intensity can be observed in the range of
1225-1240 cm ™~ ! in calcium-lactate-added gels. These alterations in the secondary structure
content and structural properties of the proteins can be attributed to the 3-sheet formed
by calcium lactate addition, because it forms high-molecular-weight complexes with a
compact and ordered conformation.

The Raman band around 1657 cm~! was part of the amide I (1600-1700 cm 1) vibra-
tional mode (Table S2, Figure 4A), which directly provides secondary structural information
about protein and involves mainly C=0 stretching, C«-C-N bending, C-N stretching, and
N-H in-plane bending of peptide groups [23-25,28]. In this study, the highest intensity was
at the 1657 cm~! band in the spectra of large yellow croaker surimi gels with various cal-
cium lactate concentrations. That can be put down to the high o-helix content (Figure 4A).
A rational excuse for the band change may be the reduction in a-helix content resulting
from calcium lactate addition.
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Figure 4. Original Raman spectrum (above) at the amide I band and its corresponding deconvolved
spectrum (below) fitted with Gaussian components (A). The estimated secondary structure fractions
(B) of proteins in large yellow croaker surimi gels with various dosages of calcium lactate.

Quantitative analysis of the protein secondary structure was performed by using
Fourier reflexive convolution, second-derivative analysis, and band curve fitting. After
spectral normalization, the intensity values of Raman bands from various atomic groups
were determined. The visible bands were assigned to vibrational modes of amino acid
side chains or peptide backbones carried out by comparing Raman spectra of model
polypeptides or monographs of Raman spectra of proteins [27]. Figure 4A shows the
original and deconvolved spectrum of large yellow croaker surimi gels. Then, the secondary
structure fractions of the surimi gels were estimated, respectively, on the basis of the area of
appropriate peaks. Similar results were also discovered in heat-induced gelation [27,29,30].
The spectral profiles and percentage of the secondary structure determined from the amide
I spectral profile for large yellow croaker surimi gels with different contents of calcium
lactate are shown in Figure 4B. There were remarkable (p < 0.05) differences in the «-
helix, B-sheets, and turns structure contents after calcium lactate was added. There was a
significant decrease (p < 0.05) in the x-helix accompanied by increased 3-sheets, turns, and
random coils. Upon 4.5% calcium lactate addition, the content of x-helix decreased from
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65.82% to 36.19%, and 3-sheets, turns, and random coils increased from 17.13%, 4.87%, and
12.18% to 37.86%, 12.97%, and 12.98% (p < 0.05), respectively. Higher contents of 3-sheets
and turns in the presence of calcium lactate indicated that the secondary structure of large
yellow croaker surimi gels was likely to be calcium-lactate-dependent.

3.6.2. Local Environments of Protein Networks in the Surimi Gels

There are several Raman bands that have characteristics of the tertiary structure of
surimi gels. Changes in these bands could monitor the polarity of the local environment
or involvement in hydrogen bonding [26]. In this study, the normalized intensity of the
Raman band near 760 cm~! in the large yellow croaker surimi gels with 0.5% calcium
lactate (0.20) showed a significant decrease (p < 0.05) compared with the control (0.36)
(Figure 3A), which indicated that the hydrophobicity was involved in the surimi gels and
the hydrophobic microenvironment became exposed to the polar aqueous solvent with
calcium lactate addition.

The doublet bands located near 830 and 850 cm™~! could monitor the microenvi-
ronment around tyrosine residues and be assigned to vibrations of the para-substituted
benzene ring of tyrosine residues, which were affected by the environment and the involve-
ment of the phenolic hydroxyl group in hydrogen bonding [31]. I850/1830 is the doublet
bands intensity ratio that has been proposed to determine whether the tyrosine residue is
solvent-exposed or buried [28]. The ratio increased from 1.27 to 2.09 as the addition level of
calcium lactate increased from 0 to 4.5%, which suggested that the tyrosine residues were
exposed to the aqueous or polar microenvironment or acted as a simultaneous acceptor
and donor of moderate to weak hydrogen bonds.

Proteins exhibited C-H stretching vibration (vC-H) in the 2800-3050 cm~! band of the
Raman spectrum [32]. There were two peaks at 2850 cm~! and 2934 cm ! in the vC-H band
of the control sample, while one peak at 2850 cm ™! of the sample with 0.5% calcium lactate
vanished (Figure 3B). During gelation with the addition of calcium lactate, the unfolding
of the protein may result in the exposure of more methyl or methylene groups. With the
increase in calcium lactate level, the strength and area of the vC-H band decreased first and
then increased. These changes suggested an increased hydrophobic interaction of surimi
gels with 0.5% calcium lactate, and protein cross-linking may be due to such hydrophobic
contacts between protein side-chains.

3.7. Correlations Analysis

The Pearson correlation coefficient can determine whether there is a linear relationship
between the two indicators. Table 2 shows the correlation between the physical properties
of gels and the secondary structure of surimi protein, and it was found that both were
related. The results showed that WHC was mainly negatively and significantly correlated
with T23 (correlation coefficient —0.68), the peak area fraction of RC22 (correlation coef-
ficient —0.75), and B-sheet and p-turn content (correlation coefficients —0.88 and —0.84,
respectively). It was positively and significantly correlated with the peak area fraction
of RC23 (correlation coefficient 0.73), RC21 (correlation coefficient 0.52), «-helix content
(correlation coefficient 0.85), and CL (correlation coefficient 0.78), with a highly signifi-
cant positive correlation with x-helix content and CL. GS was positively correlated with
whiteness (correlation coefficient 0.94), RC22 (correlation coefficient 0.51), and (3-sheet and
B-turn content (correlation coefficients 0.99 and 0.96, respectively) and negatively corre-
lated with WHC (correlation coefficient —0.87), RC21 (correlation coefficient —0.74), and
a-helix (correlation coefficient —0.99), with a highly significant negative correlation with
a-helix. Stangierski et al. also pointed out that the variation in the qualitative parameters
was determined by the relative content of free and bound water, which can be confirmed
by the relaxation time values [33]. Thus, it was seen that there was a strong correlation
between structure and function, and WHC was strongly correlated with LF-NMR relaxation
properties and protein secondary structure.
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4. Conclusions

Calcium lactate had significant effects on the quality of large yellow croaker surimi
gels, including gel strength, water-holding capacity, and cooking loss. LF-NMR and Raman
spectroscopy had also been proven useful tools for the study of the structures of large
yellow croaker surimi gels fortified with calcium lactate. In our study, we thoroughly
investigated changes in the relaxation time, content of bound water, immobilized water,
and free water as well as the reduction in «-helix and increase in -sheets, 3-turns, and
random coils. In addition, significant correlations were found between structural changes
in surimi gel proteins and some other indices of surimi gels using the Pearson type of
SPSS system. These results provided evidence that the addition of calcium lactate had a
significant influence on the property of large yellow croaker surimi gels, and also suggested
that the formation of protein-calcium-protein might occur.

Furthermore, due to the experimental cycle and objective conditions, there are still
many deficiencies and imperfections in this paper. It is suggested that the following work
can be carried out in the future: (1) study the effect of calcium lactate on protein aggregates
(or tertiary structure) and their molecular weight distribution; (2) contrast-study the impact
of anions or other cations (such as zinc and iron) on surimi gel products and their impact
on human health.
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Abstract: To investigate the effects of inoculation fermentation on the quality of Zhayu (a traditional
fermented fish product in China), different amounts of L. plantarum, P. acidilactici, and P. pentosaceus
were inoculated into samples, and the safety, nutritional, textural, and flavor properties of the samples
were evaluated. Fermentation with lactic acid bacteria (LAB) decreased pH values and total volatile
basic nitrogen content. The addition of 103~10° cfu/100 g LAB significantly increased the content
of crude fat and water-soluble proteins in Zhayu. The addition of L. plantarum and P. acidilactici
increased the content of soluble solids in Zhayu. Moreover, fermentation with LAB made the products
tender and softer, and the samples prepared with 10° cfu/100 g LAB presented better overall qualities.
Additionally, Zhayu fermented with L. plantarum and P. acidilactici showed the strongest sourness,
while the samples prepared with P. pentosaceus showed the strongest umami taste, consistent with the
highest contents of Asp (25.1 mg/100 g) and Glu (67.8 mg/100 g). The addition of LAB decreased
the relative contents of aliphatic aldehydes, (Z)-3-hexen-1-ol, and 1-octen-3-ol, reducing the earthy
and fishy notes. However, LAB enhanced the contents of terpenoids, acids, esters, and S-containing
compounds, increasing the sour, pleasant, and unique odors of Zhayu.

Keywords: fermented fish product; lactic acid bacteria; inoculated fermentation; quality improvement;
flavor characteristics

1. Introduction

Fermentation is one of the main ways of the deep processing and preservation of
aquatic products [1]. Fermented aquatic products have been favored by consumers in
various regions because of their unique texture and flavor, such as Thai Plaa-som [2],
Indian Bakasang [3], Indian Ngari [4], Chinese Suanyu [5-7], and Chinese fermented
mandarin fish [8,9]. Different from other fermented fish products (such as Suanyu), Zhayu
is fermented in small pieces with rice flour [10]. Zhayu is usually prepared with freshwater
fish, especially grass carp (Ctenopharyngodon idellus). To manufacture Zhayu, washed fish
fillets are cut into cubes and mixed with rice flour, salt, hot pepper, ginger, and other
seasonings, and then the mixture is sealed and fermented under a solid state (Figure 1).
During the solid-state fermentation, proteolysis, lipid degradation, and carbohydrate
decomposition actioned by enzymes and microorganisms result in the production of
organic acids, amino acids, small molecular peptides, and other substances, which enhance
the nutritional value, enrich the flavor characteristics, and leads to a unique soft and loose
texture of the fermented fish products [5,11]. In recent years, fermented Zhayu products
have shown good market potential due to their delicious flavor and high nutritional value.
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Fermented Zhayu Anaerobic fermentation Mixing with rice powder, salf,

(filling up with N,) hot pepper, ginger, and water
Figure 1. Schematic illustration for the process of fermented Zhayu products.

Traditional fermented fish products were usually manufactured by spontaneous fer-
mentation without the addition of starter cultures in small-scale processing units. However,
the conditions of spontaneous fermentation were difficult to control, resulting in unequal
qualities of fermented fish products, which was not conducive to their industrial pro-
duction. To solve this problem, yeast, mold, and bacteria (especially lactic acid bacteria
and staphylococci) have been used as starter cultures for fermented fish products [12-14].
Fermentation with starter cultures not only shortens the fermentation time and prolongs
the storage time of fermented products, but also improves the flavor, color, safety, and
nutritional qualities of the products [15,16]. Lactic acid bacteria (LAB), especially Lactiplan-
tibacillus plantarum and Pediococcus pentosaceus, have been isolated and identified as the
dominant strains in Zhayu [17]. Moreover, Pediococcus acidilactici is also an important LAB
in fermented fish or meat products [13,18]. LAB can reduce the pH value of the fermented
product and inhibit the growth of spoilage microorganisms in the product [6,15]. LAB
can also decrease the content of nitrite in fermented aquatic products and improve the
safety quality of the product [19]. Moreover, LAB has been shown to make fermented
sausage show better flavor properties [20]. Therefore, LAB could be used as a starter culture
of Zhayu to improve its qualities. However, the effects of LAB species and inoculation
amounts on the improvement of the qualities of Zhayu remain to be further studied.

In the present study, fermented Zhayu samples were prepared by inoculation with
different amounts of Lactiplantibacillus plantarum (L. plantarum), Pediococcus acidilactici
(P. acidilactici), and Pediococcus pentosaceus (P. pentosaceus) for starter culture fermentation,
and the Zhayu sample prepared with natural fermentation was taken as the control. All
Zhayu samples were fermented in the same conditions. The safety, nutritional, textural,
and flavor properties of these fermented fish products were evaluated. The objectives of
this research were (1) to investigate the effects of inoculation amounts and LAB species on
the Zhayu products’ quality and (2) to compare the effects of different kinds of LAB on
the quality improvement of the fermented Zhayu products. This study will provide some
theoretical basis for the production and processing of fermented aquatic products and give
some new ideas for promoting industrialization and large-scale production of fermented
aquatic products.
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2. Materials and Methods
2.1. Materials and Chemicals

Live grass carp (Ctenopharyngodon idellus) (approximately 1500~2000 g) were pur-
chased from the market of Huazhong Agricultural University (Wuhan, Hubei, China)
and transported to the laboratory within 15 min in a transport case with water to keep
them alive.

Rice was purchased from the market of Huazhong Agricultural University (Wuhan,
Hubei, China) and smashed (<60 mesh) before use. Salt, hot pepper, and ginger were of
food grade and were purchased from Zhongbai supermarket (Wuhan, Hubei, China).

The internal standard (2-octanol, >99.5%) used for gas chromatography-mass spec-
trometry (GC-MS) analysis was supplied by Sigma-Aldrich (St. Louis, MO, USA). The
standard, reagent, and eluent solvent used for the amino acid analysis were supplied from
Waters Corporation (Milford, MA, USA). All other chemicals were of analytical grade and
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of Starter Culture

L. plantarum (CCTCC NO. M 2012396) was obtained from the China Center for Type
Culture Collection (Peking, China). P. acidilactici (CICC 10344) and P. pentosaceus (CICC
22227) were purchased from the China Center of Industrial Culture Collection (Peking,
China). These LAB were separately subcultured twice in DeMan Rogosa Sharpe (MRS)
agar (Hopebio Co. Ltd., Qingdao, Shandong, China) and cultured at 30 °C for 48 h. Then,
LAB was incubated in 200 mL of MRS broth (Hopebio Co. Ltd., Qingdao, Shandong,
China). After the amplification of culture, the mixture of strains and MRS broth was
centrifuged at 8000 r/min for 15 min at 4 °C. Cell pellets were harvested and washed with
physiological saline (0.9% NaCl, w/v) twice. Then, cell pellets were resuspended with 0.9%
NaCl (w/v). The growth curves of the three strains were measured by a UV-1700 ultraviolet
spectrophotometer (Shimadzu, Kyoto, Japan) at 600 nm [7], and the central time point of
the logarithmic phase was considered as the amplification time required for the strain’s
amount around 10° cfu/mL. Then, the strains were harvested for the exact time and the
plate count agar was used to determine and verify the amount of strains. The bacterial
suspension (10° cfu/mL) was diluted to 108 cfu/mL, 107 cfu/mL, and 10° cfu/mL in 0.9%
NaCl (w/v) for the followed inoculation. Each bacterial suspension was stored at 4 °C and
used within 24 h.

2.3. Sampling

Live grass carp were killed by a physical blow to the head, beheaded, gutted, and
cleaned, following the guidance on Treating Experimental Animals developed by China’s
Ministry of Science and Technology in 2006 and regulations issued by the China State
Council in 1988. Grass carp were cut into small pieces (approximately 1 cm X 2 cm X 2 cm).
Seeds of hot pepper and ginger peals were removed, and the hot pepper and ginger were
chopped. Fish pieces (100 g) were mixed in a vacuum bag (food grade) with rice flour
(45 g), chopped hot pepper (20 g), bruised ginger (8 g), salt (8 g), tap water (45 mL), and
different species of LAB suspension (1 mL). After mixing, the bag was vacuumed and
sealed by a vacuum packaging machine. The control sample was prepared by spontaneous
fermentation without the addition of starter cultures. After sealing, the mixtures were
fermented at 25 °C for 60 h. Before analysis, the rice flour and seasoning were removed
from the Zhayu samples.

2.4. Determination of pH, Titratable Acidity (TA), and Total Volatile Basic Nitrogen (TVB-N)

The pH values of samples were determined as reported by Zeng et al. [15] with some
modifications. Ten grams of samples were homogenized with 50 mL of deionized water
(discharged CO;) at 8000 r/min for 2 min. After vacuum filtration, the pH values of filtrates
were measured by a digital pH meter (Mettler Toledo FE28, Shanghai, China).
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TA was determined via AOAC [21], and the results were expressed as lactic acid
content (mg/g). TVB-N contents were determined by the micro-diffusion method of
Conway [22].

2.5. Determination of Crude Fat, Water-Soluble Protein, and Soluble Solids

Crude fat contents were determined by an automated Soxhlet method [23] with
some modifications. Two grams of homogenized and dried samples were extracted with
petroleum ether (boiling point: 30~60 °C) rather than diethyl ether.

Water-soluble protein was extracted according to the method of Liao et al. [24] with
some modifications. Ten grams of samples were homogenized with 0.05 mol/L phosphate
buffer (pH 7.0) and diluted to 100 mL. After centrifuging at 8000 r/min for 20 min at 4 °C,
the protein contents in the supernatant were measured by the Lowry method [25].

To determine the content of soluble solids, 10 g of samples was homogenized with
distilled water and diluted to 100 mL. After centrifuging at 8000 r/min for 20 min at 4 °C,
10 g of the supernatant was dried at 105 4= 2 °C. The content of soluble solids was expressed
as the percentage of dry matter weight.

2.6. Texture Analysis

Textural profile analysis (TPA) was carried out using a model TA-XT Plus texture
analyzer (Stable Micro System, Surrey, UK) at room temperature (22 &+ 2 °C). The Zhayu
sample was placed on the test platform with the 2 cm x 2 cm side up. The probe type for
the test was P/36R, the pre-measurement speed was 2.00 mm/s, the measurement speed
was 1.00 mm/s, the post-measurement speed was 5.00 mm/s, and the compression strain
was 50%. Eight parallel samples were prepared for the texture analysis.

2.7. Analysis of Flavor Characteristics of Zhayu
2.7.1. Sensory Analysis

Sensory evaluation of the taste and odor of Zhayu samples was performed by eight
experienced panelists (four males and four females, aged 22 to 35) in a sensory laboratory at
room temperature (22 £ 2 °C). For sensory evaluation, Zhayu samples were marked
randomly with a three-digit number. Before tasting each sample, the panelists were
required to rinse their mouths thoroughly with purified water, and the procedure of sensory
evaluation was conducted following ISO 4120 [26] and ISO 4121 [27]. In this research, the
intensities of sourness, bitterness, sweetness, umami, and saltness were evaluated as
taste characteristics. Five attributes that best expressed fermented fish products” aroma
characteristics were selected as “fresh”, “fishy”, “earthy”, “oily”, and “acidic”. Each
characteristic was rated on the following scale: 0, no taste/odor; 1, very weak; 2, weak;
3, moderate; 4, strong; and 5, very strong. The Zhayu prepared by natural fermentation
was set as a reference. The standard scores of the reference were determined as sourness,
3.5; bitterness, 2; sweetness, 2; umami, 3; saltness, 3; fresh, 3.5; fishy, 1; earthy, 2; oily, 2.5;
and acidic, 3.

2.7.2. Electronic Tongue (E-Tongue) Analysis

E-tongue (ALPHA MOS, Heracles, France) analysis was performed to analyze the
taste characteristics of Zhayu samples. The interaction-sensitive sensor system of E-tongue
includes 7 chemical sensor arrays (AHS, PKS, CTS, NMS, CPS, ANS, and SCS) and an
Ag/AgCl reference electrode. Each sensor shows various sensitivities of different tastes,
and AHS, CTS, NMS, ANS, and SCS can reflect the intensity of sourness, saltness, umami,
sweetness, and bitterness, respectively. A total of 20 g of Zhayu samples was homogenized
with 100 mL of distilled water at 8000 r/min for 0.5 min. After centrifuging at 10,000 r/min
for 10 min at 4 °C, 80 mL of the supernatant was used for the E-tongue analysis. E-
tongue test conditions were set as follows: sample delay time, 0 s; acquisition time, 120 s;
acquisition cycle, 1.00 s; stirring speed, 60 r/min [28]. Six parallel samples were prepared
for the E-tongue analysis.
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2.7.3. Electronic Nose (E-nose) Analysis

An E-nose (ALPHA MOS, Heracles, France) consists of an automatic sampling device,
interaction-sensitive sensor array, data acquisition system, and data analysis software. To
prepare samples for E-nose analysis, samples were cut into small pieces and 2 g of each
sample was added to 10 mL headspace vials. The detection conditions of E-nose were
set as follows: headspace inlet temperature, 50 °C; headspace time, 120 s; stirring speed,
500 r/min; injection volume, 2.5 mL; sample collection time, 120 s; delay time, 300 s [28].
Six parallel samples were prepared for the E-nose analysis.

2.7.4. Determination of Free Amino Acids

Free amino acids in Zhayu samples (1 g) were extracted with 30 mL of hydrochloric
acid (0.1 mol/L) by homogenizing at 6000 r/min for 3 min, and then shaking at ambient
temperature for 15 min. After standing for 5 min, the supernatant was collected and the
residue was washed twice with 20 mL hydrochloric acid (0.1 mol/L). All the obtained
supernatants were pooled and brought to 100 mL with 0.1 mol/L hydrochloric acids. The
free amino acid extract was filtrated through a 0.22 um membrane, and 10 pL filtrate of
each sample was taken for a derivative reaction.

For the derivative reaction, the thermostat was first heated to 55 °C, followed by
adding 70 uL of borate buffer in the AccQ-Tag Ultra Derivatization kit (Waters Corporation,
Milford, MA, USA) and 10 uL of each sample solution to the sample vial successively,
then vortex mixing immediately, and finally adding 20 uL of reconstituted AccQ-Tag Ultra
reagent. After vortex mixing for 10 s and standing at room temperature for 1 min, the
mixture was heated for 10 min at 55 °C and then analyzed by UHPLC (Dionex Ultimate
3000, Thermo Scientific, Sunnyvale, CA, USA).

The amino acids were separated in an ACQUITY UPLC® BEH C18 column (1.7 um,
2.1 x 100 mm, Waters Corporation, Massachusetts, Ireland, USA) with the column tem-
perature and detection wavelength at 55 °C and 260 nm, respectively. Eluent A was
the concentrated solution in an AccQ-Tag Ultra reagent package (diluted 20 times with
high-purity water), and eluent B was 100% acetonitrile. The elution procedure was
initially 0.7 mL/min (A:B = 99.9:0.1), then 0.7 mL/min for 0.54 min (A:B = 99.9:0.1),
0.7 mL/min for 5.20 min (A:B = 90.9:9.1), 0.7 mL/min for 2 min (A:B = 10:90), 0.7 mL/min
for 0.3 min (A:B =40.4:59.6), 0.7 mL/min for 0.01 min (A:B = 10:90), 0.7 mL/min for
0.59 min (A:B =10:90), 0.7 mL/min for 0.09 min (A:B =99.9:0.1), and 0.7 mL/min for
0.77 min (A:B = 99.9:0.1) [28]. Amino acid standards were supplied from Waters Corpora-
tion and were derivatized and separated under the same conditions as the samples. The
external standard curves were built to calculate the concentrations of amino acids in the
samples. The chromatogram of the standards of amino acids is shown in Figure 2.
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Figure 2. Chromatogram of the standards of amino acids detected by UHPLC.

2.7.5. GC-MS Analysis

Volatile aroma compounds in Zhayu were identified and semi-quantitated by headspace—-
solid-phase microextraction (HS-SPME) and GC-MS. The GC-MS analysis was performed
on an Agilent 7890B GC equipped with an Agilent 5977B mass selective detector (Agilent
Technologies, Inc., Santa Clara, CA, USA). Chopped Zhayu samples (4.0 g) were added to
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6 mL of saturated sodium chloride solution in a 20 mL autosampler glass. After a volume
of 10 uL of an internal standard (50 ug/mL 2-octanol) was added, the autosampler glass
was capped tightly with a Teflon-faced silicone septum. The samples were equilibrated
at 45 °C for 15 min, and a DVB/CAR/PDMS fiber (50/30 um, Supelco, Inc., Bellefonte,
PA, USA) was used to extract volatiles for 40 min from headspace. The stirring speed was
400 r/min. The volatiles were desorbed into the GC injection port in a splitless mode at
250 °C. The desorption time was 5 min. The separation was performed using a DB-wax
column (30 m length, 0.25 mm i.d., 0.25 pm film thickness; Agilent Technologies, Inc., Santa
Clara, CA, USA). The oven temperature was programmed as follows: 40 °C (initial hold for
4 min), ramp at 4 °C/min to 230 °C (hold for 5 min). The carrier gas was nitrogen with a
constant flow rate of 1.0 mL/min. The electron impact (EI) energy was 70 eV, and the ion
source temperature was set at 230 °C. Each sample was run in triplicate. Mass spectra of
compounds were compared to those in the National Institute of Standards and Technology
(NIST) library (Agilent Technologies, Inc., Santa Clara, CA, USA). A standard mixture of
n-alkanes (C6~C26) was prepared and injected into GC using the same conditions as the
samples. Retention indices (RIs) were calculated following a modified Kovats method [29].
Compounds were positively identified by comparing mass spectra and Rls of the standards
obtained in the laboratory or tentatively identified if the RIs were from the literature. The
relative contents of volatiles were expressed by the ratio of the peak area of the volatiles to
that of the internal standard.

2.8. Statistical Analysis

All tests were performed in triplicate. Results of E-nose and E-tongue data were
processed through Alpha Soft 12.3 software (ALPHA MOS, Heracles, France). Variance
analysis and principal component analysis (PCA) were conducted using SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA). Differences among mean values were established using
Duncan’s multiple range test. p < 0.05 was considered statistically significant.

3. Results and Discussions
3.1. Safety Qualities

The pH values and TA contents are important indexes to evaluate the safety of fer-
mented foods, and it was generally believed that low pH value (<4.5) and high TA content
could inhibit the growth of spoilage bacteria and ensure the safety of products [30]. Figure 3
illustrates that the spontaneously fermented Zhayu samples showed the highest pH value
at 5.15 and the lowest TA content at 13.41 mg/kg. The fermentation with LAB decreased
pH values and increased TA content in Zhayu products significantly (p < 0.05). As the
inoculation amount increased, the pH value decreased, and the TA content increased
gradually, indicating the accumulation of LAB metabolites and the enhancement of the
acidity of fermented products. When 10° ¢fu/100 g of P. acidilactici and P. pentosaceus were
inoculated, or the inoculation amounts of L. plantarum exceeded 107 cfu/100 g, pH values
of the fermented Zhayu were below 4.4, which is safe for consumption [31]. Additionally,
samples fermented with P. acidilactici showed the lowest TA content compared with the
other two starter cultures, indicating the differences in the acid production capacity of
various LAB species. In other fermented fish samples, such as fermented silver carp sausage
and plaa-som, pH values also decreased during the fermentation process with LAB, and
the decrease in pH values was related to the growth of LAB [2,32].
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Figure 3. The pH values (a), TA contents (b), TVB-N contents (c), crude fat contents (d), water-soluble
protein contents (e), and soluble solid contents (f) of Zhayu products prepared by spontaneous
fermentation (control) and fermented with L. plantarum (L.P.), P. acidilactici (P.A.), and P. pentosaceus
(P.P.) at different inoculation amounts. Different letters on the bar denote significant differences

(p <0.05).

The TVB-N content was closely related to the content of N-containing compounds
(such as biological amines) produced by the decarboxylation of amino acids and the prop-
agation of spoilage bacteria during the fermentation process, which could measure the
spoilage of fermented fish products [33]. The contents of TVB-N of all Zhayu samples
(21.0~30.8 mg /100 g) were lower than the superior limit provided by the European Union
(<35 mg/100 g), indicating that the edible safety qualities of the products were guaran-
teed (Figure 3c). Zhayu samples prepared with LAB showed significantly lower TVB-N
contents compared with the control (p < 0.05); however, the concentrations of L. plantarum
and P. acidilactici showed no significant effect on the TVB-N contents in Zhayu samples
(p > 0.05), and the Zhayu samples cultured with P. pentosaceus (107~10° cfu/100 g) pre-
sented the lowest TVB-N contents. It was reported that the addition of LAB could increase
the acid-producing metabolism, resulting in the decrease in pH value and the formation of
some bacteriostatic substances which could inhibit the growth of spoilage bacteria such as
Enterobacter, and then reduce the accumulation of TVB-N [34,35]. Additionally, in Zhayu
samples prepared with LAB, the increased acids could neutralize alkaline ammonia and
amines, reducing the TVB-N contents. Among the three kinds of LAB, P. acidilactici pre-
sented a weak ability to improve the safety qualities of Zhayu samples due to its poor acid
production capacity, while P. pentosaceus could enhance the safety qualities of Zhayu.

3.2. Nutritional Properties

The crude fat, water-soluble proteins, and soluble solids were used to evaluate the
nutritional properties of Zhayu samples. The contents of these are illustrated in Figure 3df.
It was shown that the effects of LAB-inoculated fermentation on the nutritional properties
of Zhayu depended on the LAB species and concentrations. When the inoculation amounts
were 10° ¢fu/100 g and 107 cfu/100 g, the addition of LAB did not significantly affect
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the contents of crude fat in the Zhayu products (p > 0.05). However, the contents of
crude fat noticeably increased in the samples fermented with 10° c¢fu/100 g of L. plantarum
and P. acidilactici, or with more than 108 cfu/100g of P. pentosaceus. LAB could produce
intracellular lipase and extracellular lipase during fermentation, which could promote
the degradation of lipids and increase the content of crude fat in fermented products [36].
However, the lipolysis ability of LAB was relatively weak [37]. Thus, only high amounts of
LAB addition could affect the contents of crude fat in fermented fish products.

During fermentation, proteins in fish products were hydrolyzed by endogenous and
microbial proteolytic enzymes to form more water-soluble proteins with low molecular
weight, which were easily digested and absorbed [5]. However, due to the weak prote-
olytic activity of LAB, proteins in the LAB-inoculated Zhayu samples could be mainly
hydrolyzed by endogenous enzymes such as cathepsins [15,37]. When the inoculation
amount increased over 108 cfu/100 g for P. acidilactici and P. pentosaceus, and the amount
increased to 10° cfu/100 g for L. plantarum, the water-soluble protein content in Zhayu
products noticeably increased (p < 0.05) compared with the control. Additionally, the con-
tent of water-soluble proteins was the highest in the sample prepared with 10° cfu/100 g
P. pentosaceus. In other fermented products, it was also found that starter culture showed a
pronounced effect on protein degradation [7,32]. This suggests that the decrease in the pH
value after fermentation with LAB promotes the activity of endogenous protease and then
increases the content of water-soluble proteins [15].

The soluble solids in fermented fish products mainly include soluble sugar, vitamins,
and minerals. Figure 3f shows that the addition of L. plantarum and P. acidilactici increased
the content of soluble solids in fermented Zhayu products, while the soluble solids content
of the samples fermented with P. pentosaceus showed a decrease compared with the control.
During fermentation, the metabolism of microorganisms promotes the dissolution of
soluble solids in cells, but the metabolism also consumes the soluble solids.

3.3. Texture Properties

The textural properties of fermented Zhayu products with and without starter cultures
are shown in Table 1. The addition of L. plantarum and P. acidilactici significantly decreased
the hardness of Zhayu samples (p < 0.05), but the amounts of L. plantarum and P. acidilactici
did not significantly affect the hardness of the samples. When the inoculation concentration
of LAB was 10° cfu/100 g, samples that were fermented with P. pentosaceus showed the
lowest hardness. The reason for the decrease in hardness was the degradation of proteins
caused by endogenous enzymes, resulting in a decrease in the interactions between fibrillin
and the combination of musculature. The trend of the hardness of Zhayu was consistent
with the water-soluble proteins’ results (Figure 3e). However, it was found that fermenta-
tion with starter cultures could enhance the hardness of fermented fish sausages, Som-fug,
and other fermented products [15,34,38]. This might be due to the different manufacturing
processes of these fermented products. Fermentation with LAB starters also decreased the
springiness and the chewiness of Zhayu products. Samples fermented with P. pentosaceus
showed higher springiness and chewiness. It was suggested that Zhayu samples fermented
with 102 cfu/100 g P. pentosaceus were tender, softer, and elastic, and presented better
textural properties that were acceptable for consumers compared with other samples.

3.4. Taste Characteristics

The above results show that Zhayu samples fermented with each LAB at the inocu-
lation amount of 10° c¢fu/100 g presented high safety qualities, contained high fats and
water-soluble proteins, and showed tender and soft texture properties. Therefore, the Zhayu
samples inoculated with 10° cfu/100 g of each LAB were chosen as the typical samples to
compare the effects of LAB species on the flavor characteristics of Zhayu samples. Principal
component analysis (PCA) was performed based on the responses of the E-tongue chem-
ical sensor arrays for different Zhayu products to compare their taste profiles. Figure 4a
illustrates the PCA results, and the first two principal components described 99.32% of the
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total taste variances, indicating that the taste characteristics of Zhayu products fermented
with three kinds of LAB and the control were various. It was noticeable that the samples
fermented with L. plantarum and P. acidilactici showed more similar taste characteristics.

A sensory evaluation was carried out to study the effects of LAB on the tastes of
Zhayu products (Figure 4b). The inoculation of LAB dramatically increased the sour-
ness, saltness, and umami taste of the Zhayu samples. The samples with the addition of
L. plantarum and P. acidilactici presented a relatively strong sourness, while the samples
fermented with P. pentosaceus showed the highest level of umami taste. The increase in
sensory sourness was coincident with the rise in TA in Zhayu samples after starter culture
fermentation (Figure 3), due to the lactic acid produced by LAB metabolism and the acid
denaturation of proteins [34]. The umami taste in fish-related products mainly originates
from the catabolism of proteins and nucleotides [39]. It was suggested that the positive
effect of P. pentosaceus on the umami taste might be related to the degradation of proteins
during fermentation. Meanwhile, the increase in umami tastes promoted the perception of
saltiness in Zhayu samples, because of the interactions between the flavor substances [40].
Additionally, compared with the control, the inoculation with P. pentosaceus increased
the sweetness and bitterness of Zhayu samples, while the addition of L. plantarum and
P. acidilactici reduced the sweet and bitter perceptions. These differences might be due to
the different protein degradation results of each LAB.

During the fermentation of aquatic products, proteins were hydrolyzed by microbes
and endogenous protease, promoting the formation of free amino acids and changes in taste
properties [7,41]. In Zhayu samples, the addition of LAB increased most of the contents
of free amino acids (Table 2). In particular, Asp and Glu, which have an umami taste and
relatively low thresholds, presented significantly higher contents and taste activity values
(TAVs) in LAB-inoculated samples than those in the control. Moreover, Zhayu samples
fermented with P. pentosaceus contained the most amounts of Asp and Glu, which was
consistent with the highest water-soluble protein contents (Figure 3e) and the highest
sensory umami scores (Figure 4b). In fish sauce and fish chili paste, it was also found that
the inoculation fermentation significantly increased the content of free amino acids with
the umami taste (Glu and Asp) [14,42]. Additionally, the contents of Thr, Lys, Tyr, and
His, with a sweet or bitter taste, were higher in the LAB-inoculated Zhayu samples than in
the control, suggesting that fermentation with LAB could enhance the hierarchy of taste
perception of Zhayu samples.

Table 1. Textural properties of Zhayu samples prepared by spontaneous fermentation (Control) and
different inoculation amounts of L. plantarum, P. acidilactici, and P. pentosaceus.

Inoculation Amounts Hardness Springiness Chewiness
(cfu/100 g) (8 (8
Control 250.16 + 31.54 2 1.00 + 0.01 2 163.4 4+ 20.32
L. plantarum
100 203.02 + 26.84 bed 0.71 + 0.06 4553 +18.11 ¢
107 171.64 + 16.33 de 0.80 + 0.19 ¢ 42.86 + 9.95 ¢
108 176.85 + 21.91 cde 0.88 4 0.09 de 54.19 + 9.04 de
10° 186.78-:20.6 4 0.75+£0.10f 31.66 +9.43 f
P. acidilactici
10° 178.21 + 3.90 «d 0.99 4 0.01 @b 111.4 +2.8bc
107 171.81 + 32.46 de 0.97 £0.02b 61.39 £ 2.65 e
108 174.32 + 26.46 e 0.79 +0.09 d 67.31 +£5.124
107 162.28 + 16.33 de 0.84 + 0.09 o 4431 4 6.26 ¢
P. pentosaceus
10° 246.96 =+ 26.27 2P 0.87 4 0.06 < 125.1+3.6P
107 247.29 + 35.79 ab 0.84 +0.034 94.07 +4.92°¢
108 220.27 =+ 11.41 @b¢ 091 +0.03°¢ 98.97 £19.33¢
10° 130.35 - 31.86 © 0.94 =+ 0.06 b¢ 109.6 + 18.2 b¢

Notes: Different letters denote significant differences in the same column (p < 0.05).
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Figure 4. Principal component analysis (PCA) of Zhayu samples fermented with different starter
cultures based on E-tongue results (a) and E-nose results (c), and sensory evaluation of taste charac-
teristics (b) and odor profiles (d) of Zhayu products prepared with different kinds of LAB.
Table 2. Contents (mg/100 g) and taste activity value (TAV) of free amino acids in Zhayu samples
prepared by spontaneous fermentation (SF) and fermented with 109 cfu/100 g of L. plantarum (L.P.),
P. acidilactici (P.A.), and P. pentosaceus (P.P.).
Concentration (mg/100 g) TAV
FAA Threshold Taste g/100 g
(mg/100 g) SF LP. PA. PP. SF LP. PA. PP.
Asp 3 umami 551403249 456+17° 421+11°¢ 521+19°% 1.84 15.19 14.05 17.36
Glu 5 umami 49.0+3349 56.8 +£2.7P 518+1.6¢ 67.8 £2472 9.80 14.05 17.26 22.61
Ser 150 sweet 461+026°2 297 +£031°¢ 224+ 0.064 3.66 + 0.13P 0.03 0.02 0.01 0.02
Gly 150 sweet 232+13? 194 +08°¢ 21.14+05P 21.6 + 0.7 b¢ 0.15 0.13 0.14 0.14
Thr 260 sweet 9.26 +£0.53 ¢ 142 +04° 178+042 184 +0.72 0.04 0.05 0.07 0.07
Ala 60 sweet 585+332 443+14°¢ 452 +12¢ 4754+ 17" 0.97 0.74 0.75 0.79
Pro 300 sweet/bitter 519+29° 51.8 4350 465 +12¢ 56.6 +2.12 0.17 0.17 0.15 0.19
Lys 50 sweet/bitter 126 +0.7¢ 451+12% 442+11° 464+162 0.25 0.90 0.88 0.93
Arg 50 bitter 1.97 £0.11° 253 +0.362 1.11 +£0.034 1.48 £0.05¢ 0.04 0.05 0.02 0.03
Val 40 bitter 303+1.72 2554 0.7°¢ 26.2 £ 0.7 ¢ 27.0£09° 0.76 0.64 0.65 0.68
Tyr N.A. bitter 208+ 12°¢ 2774072 246+ 06" 259+09°
His 20 bitter 304 +17°¢ 764 +£3.6° 79.8+21°% 708 +2.5P 1.52 3.82 3.99 3.54
Leu 190 bitter 50.5+29P 534+16° 509 +1.3P 535+192 0.27 0.28 0.27 0.28
Tl 90 bitter 2324132 181407 175+ 050 184 +0.7° 0.26 0.20 0.19 0.20
Phe 90 bitter 382+21% 411+£1.02 377 £09° 39.0 + 142 0.42 0.46 0.42 0.43
Met 30 bitter 178+1.0° 152 +0.6° 143 +03°¢ 14.9 + 0.5b¢ 0.59 0.51 0.48 0.50
Cys N.A. salt N.D. N.D. N.D. N.D.

Notes: N.A., not available; N.D., not detected. Different letters denote significant differences in the same row
(p < 0.05). Thresholds for amino acids adapted from Wang et al. [38].
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3.5. Odor Characteristics

Figure 4c,d illustrates the PCA results based on the responses of the E-nose sensors
and the sensory results for the odor characteristics of different Zhayu samples. The first
two principal components described 97.06% of the total odor variances, indicating that the
responses of E-nose sensors could adequately differentiate Zhayu products fermented with
various LAB. The PCA results indicate that the odor properties of each fermented Zhayu
sample differed significantly. Additionally, Zhayu samples fermented with LAB showed
stronger fresh and acidic notes, but weaker fishy, earthy, and oily odors compared with
the control (Figure 4d), suggesting that the LAB-inoculated fermentation could enhance
the aroma characteristics of Zhayu samples. Especially for the samples inoculated with
P. acidilactici, the promotion of the pleasant fresh odor and the inhibition of earthy notes
were the most pronounced. Moreover, samples prepared with L. plantarum presented the
strongest acidic odor.

To further understand the differences in volatile compounds of Zhayu samples pre-
pared by spontaneous and inoculated fermentation, the relative concentrations of volatile
compounds in Zhayu samples were detected by HS-SPME-C-MS. The results of the relative
contents of volatile compounds in the typical Zhayu samples are shown in Table 3.

Aldehydes, such as hexanal with a grassy note, octanal with a citrus odor, and (E,E)-
2,4-decadienal with a fishy or fatty smell, are reported as major aroma compounds in fish-
related products due to their low odor thresholds, and they are mainly derived from the
oxidation of fatty acids and the degradation of proteins [8,9,38]. It was noticeable that except
nonanal and benzaldehyde, the relative contents of most aldehydes were significantly
lower in Zhayu samples fermented with LAB than those in the control. Especially, the
amount of hexanal in the control was approximately 5.1~5.5 times higher than that in the
LAB-inoculated fermented Zhayu samples. Additionally, octanal and nonanal were not
detected in the Zhayu samples inoculated with P. pentosaceus. It was reported that in other
fermented fish samples (such as Suan zuo yu and fermented mandarin fish), aldehydes
exhibited a downward trend during fermentation [8,9]. Moreover, starter cultures showed
an antioxidant capacity on unsaturated fatty acids in fermented fish products, reducing
the concentrations of aliphatic aldehydes [13,42]. Additionally, it was reported that in fish
paste, L. plantarum significantly reduced the lipolysis and inhibited the flavor generation by
the other strains [14]. Thus, it was presumed that the inoculated fermentation with LAB
might inhibit the lipid oxidation in Zhayu samples, decreasing the aldehydes with grassy,
fishy, or fatty notes, and then increasing the aroma properties of Zhayu.

Fourteen kinds of alcohols were identified in Zhayu samples. However, most of
them showed a high odor threshold and contributed little to the aroma profiles of fish-
related products, except (Z)-3-hexen-1-ol, 1-octen-3-ol, and 1-heptanol [6,8]. Among them,
1-penten-3-ol, (Z)-3-hexen-1-o0l, and 1-octen-3-ol, which are mainly derived from the ox-
idation of unsaturated fatty acids and have grassy, fishy, and mushroom-like notes [8],
presented the lowest contents in Zhayu samples fermented with P. acidilactici, consistent
with the weakest notes of “earthy” and “fishy” by the sensory analysis (Figure 4d). How-
ever, the LAB-inoculated fermentation increased the concentrations of 1-heptanol, and so
did other saturated alcohols in the samples. This might be because the role of microorgan-
isms also had an important influence on the aroma property of fermented aquatic products,
which could increase the content of alcohols [16].

Zhayu samples contained many terpenoids. The source of the terpenoids in fish-
related products was related to the addition of hot pepper, ginger, and other seasonings [45].
Interestingly, the relative contents of many terpenoids, contributing to lemon-like, woody, or
floral notes, were noticeably higher in the samples fermented with LAB than in the samples
prepared by spontaneous fermentation. It was suggested that during the fermentation
of Zhayu, the metabolism of LAB could promote the formation of terpenoids. A similar
phenomenon was also found in Suan yu, another kind of fermented fish product [6]. The
enriched terpenoids by LAB-inoculated fermentation would enhance the overall aroma
characteristics of the fermented fish products.
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For other compounds, the contents of ketones in LAB-inoculated Zhayu samples were
significantly lower than those in the control, especially 2,3-butanedione with a buttery note
and 3-hydroxy-2-butanone with a yogurt-like note. Not surprisingly, the LAB-inoculated
fermentation dramatically increased the acids’ contents in the Zhayu samples compared
with the control, which was coincident with the sensory evaluation results (Figure 4d).
Additionally, the Zhayu samples prepared with L. plantarum contained the highest acetic
acid, butanoic acid, and 4-methylpentanoic acid. Meanwhile, esters, which were derived
from the microbial esterification of acids with alcohols, also showed higher contents in
Zhayu samples fermented with LAB than in the control. Esters usually had a fruity aroma,
and they are important aroma compounds contributing to the unique odor of fermented
products, such as dry-fermented sausages and fermented mandarin fish [8,46].

It was found that the inoculated fermentation with LAB promoted the generation of
the compounds that derived from protein degradation, increasing the relative content of
aromatic compounds (such as benzyl alcohol, phenylethyl alcohol, and methyl salicylate),
phenols (except eugenol), and S-containing compounds. In particular, dimethyl sulfide
with a garlic-like odor showed dramatically higher relative contents (45.39~70.47 ug/kg) in
the Zhayu samples fermented with LAB than in the control (5.71 ug/kg). Moreover, the
samples fermented with L. plantarum and P. pentosaceus contained more dimethyl sulfide
and dimethyl disulfide. S-containing compounds were produced by the degradation
of S-containing amino acids and the catabolism of aromatic [16], and they were also
identified as major contributors to the typical fishy odor of fermented fish products [8]. The
contents of Met in the LAB-inoculated Zhayu samples were also lower than those in the
control (Table 2), suggesting that LAB could utilize Met to produce volatile S-containing
compounds during fermentation [8,16]. However, some N-containing compounds, which
were also generated by the protein degradation, decreased after fermentation with LAB
(especially L. plantarum and P. pentosaceus), agreeing with the changes in TVB-N (Figure 3c).
It was reported that N-containing compounds could be gradually consumed during the
fermentation process of aquatic products [9]. Thus, it was presumed that the decrease in
the N-containing compounds in the LAB-inoculated Zhayu samples was due to the further
microbial decomposition and utilization of these compounds by microorganisms.

4. Conclusions

The Zhayu products fermented with LAB had lower pH values and TVB-N contents
than the control, showing better safety qualities. Moreover, LAB-inoculated Zhayu samples
contained more water-soluble proteins and crude fats as the inoculation amount exceeded
108 cfu/100 g, and fermentation with LAB decreased the hardness, springiness, and chewi-
ness of Zhayu products, making the products more tender and soft. Additionally, the
Zhayu prepared with LAB at the inoculation amount of 10? cfu/100 g presented better
safety, nutritional, and textural qualities. LAB could also improve the flavor characteristics
of Zhayu products. Zhayu samples fermented with L. plantarum and P. acidilactici presented
the strongest sourness, while Zhayu samples prepared with P. pentosaceus showed the
highest level of umami taste, consistent with the highest contents of water-soluble proteins
and free amino acids with an umami taste (Asp and Glu). For odor characteristics, the
addition of LAB decreased the relative contents of aliphatic aldehydes, (Z)-3-hexen-1-ol,
and 1-octen-3-ol, subducting the earthy and fishy notes in the Zhayu samples, and the
Zhayu samples fermented with P. acidilactici contained the lowest content of 1-octen-3-ol
and the weakest earthy notes. In addition, LAB-inoculated fermentation enhanced the
contents of terpenoids, acids, esters, and S-containing compounds, increasing the sour,
pleasant, and unique odors of the Zhayu products. Especially for samples fermented with
L. plantarum, the relative contents of acids and esters were the highest. Overall, the inoc-
ulation fermentation with LAB increased the acceptability of the comprehensive quality
of Zhayu products. In further studies, the three kinds of LAB can be mixed and used
together to exploit the advantages of each starter and improve the quality of fermented
fish products.
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Abstract: The present study was investigated to know the sensory, physicochemical, nutritional and
fatty acid properties of seaweed-based cookies prepared with untapped seaweed Ulva intestinalis (UI)
from Bangladesh coast. The cookies were formulated with different percentages of Ul inclusions both
in powdered (PUI) and fragmented (FUI) forms, in order to evaluate different quality attributes in
prepared value-added cookies. In sensory analysis, seaweed inclusion levels of 1% PUI, 2.5% PUI,
1% FUI, 2.5% FUI and 5% FUI to cookies were acceptable by panelists. Considering the maximum
percentage of seaweed inclusions, 2.5% PUI and 5% FUI were selected for further analysis. The
results of physicochemical properties such as moisture content, spread factor, baking loss, pH, cookie
density, color, texture properties, volatile basic nitrogen and thiobarbituric acid reactive species were
within acceptable limits. In nutritional analysis, 2.5% PUI and 5% FUI cookies showed a remarkable
and significant increase in lipid and ash contents, compared to untreated controls. Being the first
report on fatty acids profile by UI from Bangladesh, among 24 fatty acids identified, the amount of
total saturated, mono-unsaturated, omega-3 fatty acids and omega-6 fatty acids were reported to
be 641.9 (36.2%), 563.7 (31.8%), 133.8 (7.6%) and 436.3 (24.6%) ng/g DW, respectively. The results
suggest that cookies with 2.5% PUI and 5% FUI can be marketed as healthy foods for consumers.

Keywords: green algae; Ulva intestinalis; cookies; sensory evaluation; physicochemical and nutritional
properties; functional food

1. Introduction

Seaweed refers to thousands of species of macroscopic, multicellular, marine algae.
Seaweeds adhere to rocks in the intertidal zone, wash up on the beach, and float on
the sea surface. Seaweeds are classified taxonomically into the following three groups:
Chlorophyta, Rhodophyta, and Phaeophyta, corresponding to green, red and brown algae,
respectively. More than 20,000 seaweeds are distributed around the world of which only
221 (1.1%) are commercially exploited, including 145 species for foods, including raw salad,
curry, soup, pickles, cookies, etc., and 110 species for phycocolloids, including agar, agarose,
carrageenan, algin, and mannitol [1,2]. Moreover, seaweeds have the potential to be used
as medicine, cosmetics, animal feed, fish feed, fertilizers, soil conditioners, etc. [3]. A recent
study also confirms that the use of sea grapes (Caulerpa racemosa) in cookies is a potential
anti-aging novel-functional food [4].

In Bangladesh, on the south coast bordering the Bay of Bengal, from the Sundarban
mangrove forest to the island of St. Martin, seaweeds are available from October to April [5].
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More than 77 genera and approximately 250 species of seaweeds are found in the coastal and
near-coastal waters of Bangladesh [6]. In Bangladesh, seaweed farming has been practiced
in the tidal and shallow subtidal area characterized by a rocky coral substrate, sandy bottom
with boulders, pebbles and broken shells as well as a sandy-muddy bottom that provides a
suitable substrate and suitable habitats for the cultivation of various seaweeds.

Ulva intestinalis is a conspicuous bright grass-green seaweed, consisting of inflated
irregularly constricted, tubular fronds that grow from a small discoid base. Fronds are
usually unbranched and can be 10-30 cm or more in length and 6-18 mm in diameter, with
the tips usually rounded [7]. Ulva intestinalis is remarkably euryhaline as it can grow in
freshwater. However, there is evidence for the existence of genetic strains adapted to high
and low salinity [8]. It can be found in a variety of habitats on all coastal plains. Given
the right conditions, it can grow on rocks, mud, and even sand. This species is commonly
found in areas where brackish water is most abundant and is also known as a common
epiphyte found on other seaweeds. Availability of this species is reported from the coastal
areas of Cox’s Bazar and St. Martins Island, Bangladesh from October to April.

Ulva intestinalis is also of great commercial importance. Coastal people take this
species as fodder and it is consumed only by the tribal community. A recent study reported
that the proximate composition of U. intestinalis on a dry basis was crude protein (12.6%),
carbohydrate (45.4%), crude fat (3.5%), crude fiber (17.1%) and Ash (12.7%) [9]. However,
few studies have been found on the use of Ulva intestinalis as a feed ingredient and growth
promoter [10,11]. Nowadays, seaweed has become a very versatile product and is widely
used as a food for human consumption. Therefore, seaweed can be used as a functional
food because it is characterized by low energy content, good sources of polysaccharides,
high protein content, good supply of dietary fiber, high tocopherol, high fatty acids, and a
rich source of distinguished minerals [12]. For the first time in Bangladesh, value-added
seaweed products, such as seaweed-based cookies may be a new approach to market these
untapped resources into valuable foods. Because of their unique taste and extended shelf
life even at room temperature with appropriate packaging, cookies are considered popular
foods regardless of countries in the world. However, the lack of valuable micronutrients and
fiber in cookies due to the use of refined grains is of great concern to the health-conscious
consumer. Therefore, the present study aimed to develop and evaluate the quality of
seaweed inclusion in cookies with its two forms, including powdered Ulva intestinalis
(PUI) and fragmented Ulva intestinalis (FUI), considering physicochemical and nutritional
attributes in prepared value-added cookies.

2. Materials and Methods
2.1. Collection, Identification and Transportation of Seaweed

Ulva intestinalis was collected in March 2021 from the coast and tidal area of Nuniachara
beach, Cox’s Bazar (Latitude 21°28'27.79” N and Longitude 91°58'23.00” E). The seaweed
was authenticated by a researcher at the Bangladesh Fisheries Research Institute (BFRI)
who was implementing a project to develop and propagate the seaweed culture, and
deposited as a voucher specimen of UI-NC:MM-2021-03 in the department of Fishing and
Post Harvest Technology, Sher-e-Bangla Agricultural University, Bangladesh. Immediately
after harvesting, the sample was placed in a large plastic container with sufficient seawater
and transported to the laboratory for further processing.

2.2. Processing of Seaweed

Raw seaweed samples were properly washed with running water to remove sand and
other debris from Ulva intestinalis. The seaweed was dried at room temperature (20-25 °C)
for three to five days to reduce the moisture content. Then, dried seaweed was packed
in plastic zipper bags and brought to a dark state. The dried seaweed were ground into
powder in a mill (Mozart Mixer Grinder, Miyako, Dhaka, Bangladesh) with particle size
of less than 50 um in diameter and, on the other type, were made by hand-pressing into
fragmented forms with uneven sizes from 500 pm to 3000 pm. Both samples were packed
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in airtight plastic zipper bags and stored at room temperature under dark condition for
further use.

2.3. Preparation of Seaweed Cookie

The basic formulation for making seaweed-based cookies is outlined in Table 1. Sea-
weed powder has been substituted for wheat flour in varying amounts to fortify the
nutritional content of cookies. In this study, 0 (control), 1, 2.5, 5 and 10% of the wheat flour
were replaced with seaweeds and these compositions were selected based on previous
reports of similar seaweed-based cookies [13,14]. All ingredients including wheat flour,
seaweed powder, powdered sugar and butter were accurately weighed using an electric
balance (FSH, A&D Company Ltd., Republic of Korea). Dry ingredients such as whole
wheat flour (13% protein), sugar powder and seaweed powder were mixed together at
room temperature. The butter was softened and then mixed with dry ingredients. The
cookie dough was then rolled out with a rolling pin and cut to 5 mm thickness and 51 mm
diameter with a cutter and baked in an oven at 180 °C for 12 min. The cookie was vac-
uum packed in high density polyethylene (HDPE) bags with a seal and placed in airtight
containers at room temperature for further analysis.

Table 1. Ingredients of Ul seaweed-based cookie.

Ingredients Brand Name Amount
Wheat flour Teer 90~100%
Seaweed Collected from Coastal Site 0~10%
Baking powder Foster Clark’s Baking Powder 05g
Baking soda Pure Baking Soda 0.05g
Icing sugar Fresh Refined Sugar 15g
Salt ACIPURE Salt 1lg
Milk powder Diploma Instant Full Cream Milk Powder 8g
Flavor Foster Clark’s Lemon Flavor 6 mL
Lemon juice Extracted from locally available Lemon 2.5mL
Butter Aarong Dairy Butter 10g
Oil Rupchanda Fortified Soyabean Oil 25 mL

2.4. Sensory Evaluation of Cookies

The cookies containing 1, 2.5, 5 and 10% seaweed powder were subjected to a sen-
sory evaluation along with the control biscuit (0%). This sensory test was conducted by
21 panelists, age between 25 and 40, belonging to the Faculty of Fisheries, Aquaculture
and Marine Sciences, Sher-e-Bangla Agricultural University, Dhaka. The panelists were
semi-trained and capable of discriminating the differences and communicating their sen-
sory reactions as perceived by the sense of sight, taste and touch. The 10 g biscuit samples
from each group were given to the panelists and asked to rate on a 9-point hedonic scale
for the attributes of seaweed biscuit appearance, color, odor, texture, taste and overall
acceptability. A hedonic scale of 1 to 9 points indicated differently as 1 = dislike extremely,
2 = dislike very much, 3 = dislike moderately, 4 = dislike slightly, 5 = neither like nor dislike
(threshold point), 6 = like slightly, 7 = like moderately, 8 = like very much, and 9 = like
extremely [15]. The samples were served on white dishes with mineral water, a stainless
spoon, a paper cup, plain bread and pre-defined sensory evaluation paper with number
rankings. Each sample group was evaluated at different times with the same panelists. All
samples were encoded before serving and evaluated randomly. The sensorial properties
were evaluated at 3 p.m. for a maximum of 2 h in a designated room. On the day of sensory
evaluation, all cookies were freshly prepared at 10 a.m., cooled down at RT after baking,
and vacuum-packed until sensory evaluation on the same day at 3 p.m.
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2.5. Quality Assessment of Dough

The baking sample (5 g) was mixed in 45 mL of distilled water, homogenized for 2 min,
and centrifuged (SHG-15D, SciLab, and Seoul, Republic of Korea) to collect the supernatant.
The pH of the sample was measured using a pH meter (OHAUS STARTER 2100, Seoul,
Republic of Korea). Dough or cookie density (g/ cm®) was measured by dividing the dough
or cookie weight by a piece of dough or cookie used to form a biscuit as reported by Hadi
Nezhad and Butler [16]. Moisture content was determined using the standard AOAC
method [17]. The baking loss (%) was calculated by a comparison between the biscuit
weight and the dough weight. The spread factor of the cookies was determined by dividing
the diameter (mm) of a biscuit by its thickness (mm) according to the standard method of
AACC[18].

2.6. Texture Analysis of Cookie

The texture of seaweed-based cookie was evaluated using the TA. XTPlus Texture
Analyzer (Stable Micro Systems, Godalming, UK) equipped with Texture Exponent Lite
software version 6.1.14.0 (Stable Micro System, Godalming, UK). During compression and
extrusion with 12.5 mm diameter of a cylindrical probe at a rate of 1 mms~!, number
of attributes were measured including hardness (kg), adhesiveness (m]), cohesiveness,
springiness (mm) and gumminess (g), as described previously [19,20].

2.7. Color Analysis of Cookie

The color of the seaweed-based biscuit was evaluated with the Konica Minolta (Tokyo,
Japan) CM-700d instrument. The surface color of each sample was calculated from previous
reports [19,21,22]

2.8. Proximate Composition Analysis

Protein, lipid, carbohydrate, fiber, moisture and ash contents of seaweed cookies were
determined using the standard AOAC method [17].

2.9. Total Volatile Basic Nitrogen (VBN) Analysis

The VBN value of the cookie was determined by a Conway microdiffusion method, as
described by Mohibbullah et al. [19]. Briefly, 5 g of a ground sample was homogeneously
mixed with 25 mL of distilled water. The filtrate was then mixed with potassium carbonate
and incubated at 37 °C for 90 min. After titration with 0.01 N sodium hydroxide, the VBN
value was calculated by the following equation:

VBN (mg%)=0.14 x [(b—a) x f/W] x 100 x d (1)

where b = the amount of NaOH needed to titer Blank, a = the amount of NaOH needed to
titer sample, f = 1.003 (NaOH), W = weight of the sample, d = dilution factor

2.10. Thiobarbituric Acid Reactive Substance (TBARS)

For the determination of TBARS, a total of 5 g of the ground sample was thoroughly
mixed with 20% trichloroacetic acid solution, homogenized for 1 min and filtered using
a Whatman No. 1 filter paper (55 mm), as described previously [23]. The filtrate was
mixed with 0.005 M thiobarbituric acid solution, incubated at 95 °C for 30 min, and
measured absorbance value at a wavelength of 530 mm. The TBARS was calculated by the
following equation:

TBARS (MDA mg/1000 g) = [Sample Absorbance — Blank (Water) Absorbance] x 5.2 (2)

2.11. Soxhlet Extraction

Oil was obtained from finely ground seaweed. A 5 g sample was taken in a thimble
and placed in a Soxhlet extractor. The extraction was carried out with diethyl ether (purity
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99%) and heating at 45 °C for 5 h. Thereafter, the solvent was removed with a rotary
evaporator at 40 °C and then with a vacuum nitrogen dryer until completely dry. The
extracted yield of Ul oil was 0.96% (w/w).

2.12. Fatty Ccid Analysis

Gas chromatography (Shimadzu Corp., Kyoto, Japan) equipped with a flame ioniza-
tion detector (GC-FID) was used to identify and quantify the fatty acids from the seaweed
sample. Fatty acid methylation of previously extracted oil (0.05 g) was performed ac-
cording to the American Oil Chemists Society procedure, as followed by the addition of
3 mL 0.5 N NaOH, 3 mL boron trifluoride complex and 10% sodium chloride [24]. Fatty
acid methyl esters (FAMEs) were filtered prior to GC injection. An Agilent HP-88 column
(100 m, 0.25 mm, 0.2 m) with an oven temperature of 250 °C started from 120 °C, 1 min,
10 °C/min to 175 °C, 10 min, 5 °C/min to 210 °C, 5 min, 5 °C/min to 230 °C, 25 min,
5 °C/min. Helium with a split ratio of 1:20 was used as carrier gas. The FAMEs of the
seaweed sample were identified and quantified by comparing standard fatty acids. FAMEs
mixture of 37 components of the standard of C4-C24 saturated and unsaturated fatty acids
(Sigma-Aldrich Inc., St. Louis, California, USA) were injected into GC/FID to identify the
different fatty acids in methyl esterified oil sample extracted from seaweed, operated by
windows 7-based software system (GC solution, version 2, Shimadzu Co., Kyoto, Japan).
The average fatty acids content was taken from three different chromatograms of individual
sample injections.

2.13. Statistical Analysis

The SPSS (statistical package for social sciences) 16 (SPSS 2010) statistical package
was used for the analysis of the experimental results. The homogeneity of variance was
examined using the Levene test. When Levene’s test did not indicate significant deviations
from the homogeneity of variance, the data obtained were analyzed by a one-way ANOVA
test followed by Tukey and Duncan’s multiple range tests to determine which pairs of
the group comparison were significantly different (p < 0.05). Results were expressed
as mean =+ standard error (SE).

3. Results and Discussion
3.1. Comparison of Different Seaweed Percentage in Biscuit Preparation by Sensory Characteristics

Cookies of powdered and fragmented Ul at different concentrations were shown in
Figure 1A. One of the easiest and simplest ways to evaluate consumer products is sensory
evaluation, which is associated with various sensorial parameters, such as color, odor,
taste, and overall preference; scores for each attribute are based on a 9-point hedonic
scale [24]. In the case of the radar chart (Figure 1Ba), the scores of PUI 1% and PUI 2.5%
were found almost similar and close to PUI 0% (control), and the values were found on
a hedonic scale greater than 6, respectively, which indicated ‘like slightly” on the quality
chart [14], whereas PUI 0% had an average mean value of sensory scores equal to or slightly
greater than 7, which indicated ‘like moderately’. In contrast, PUI 5% and PUI 10% showed
significantly (p < 0.05) lower sensory scores compared to PUI 0%, PUI 1% and PUI 2.5%.
Results indicated that there were a significant drop in taste, flavor and overall performance
scores when more than 2.5% PUI was added, it might be due to the cause of the increasing
fishy odor from seaweed materials. Due to the fact that, the scores remained equal or less
than 5 on a hedonic scale, which indicated ‘neither like nor dislike” or ‘dislike slightly’,
respectively [15]. Moreover, in Figure 1Bb, FUI 1%, FUI 2.5%, and FUI 5% treated cookies
showed similar sensory scores of greater than 6, which indicated ‘like slightly” on the
quality chart [15], whereas, PUI 0% showed slightly greater than 7 scores, which indicated
‘like moderately’ but a non-significant difference with FUI 1%, FUI 2.5% and FUI 5% groups.
However, FUI 10% showed a significantly lower (p < 0.05) value compared to FUI 0%, FUI
1%, FUI 2.5%, and FUI 5%, respectively. The value was found an equal or less than 5 on a
hedonic scale, which indicated ‘neither like nor dislike” or ‘dislike slightly’, respectively [15].
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The value we found for the sensory evaluation in our present study was higher than that
of Oh et al. [13], where the author gave an average score of 5, which is due to the fishy
odor of seaweed in prepared cookies. However, in our study, we were able to successfully
suppress the dominance of the fishy smell in cookies with the inclusion of a high percentage
of UI during preparation. Based on the sensory evaluation, we selected 2.5% PUI and 5%
FUI seaweed for the preparation of value-added cookies. Hence, it is indicated that those
value-added cookies can be accepted by the consumer and used as a functional food in the
market.
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Figure 1. Comparison of different seaweed percentages in biscuit preparation for sensory character-
istics. (A) Preparation of cookies using powdered Ul (a) and fragmented UI (b). (B) Organoleptic
analysis of cookies prepared using different concentrations of powdered (a) and fragmented (b) UI
using a radar chart. Data represent the mean + SE of 3 observations, where groups not sharing a
letter are expressed as significantly different (p < 0.05).

3.2. Quality Characteristics of Dough Prepared with PUI and FUI

Table 2 examined the quality characteristics of dough prepared with Ul seaweed. The
pH value is used to indicate the food product quality during processing, as such product
appearance, aroma, texture and taste might be affected with changes of pH values [19].
This study found significantly higher (p < 0.05) dough pH in control cookies than in PUIL
2.5% and FUI 5% cookies. This could be due to the presence of polysaccharides and
phenolic compounds containing carboxyl and sulfate groups in the cookies made from UL
Moreover, the ranges of pH among all groups were 6.51 to 6.59, indicating its acceptability
for consumption. This study is evident in the findings of Oh et al. [13], where the author
reported that the pH of the dough ranged from 6.96 to 7.18, when various seaweeds
were added.
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Table 2. Quality characteristics of value-added cookies with Ul seaweed.

Physical Properties UI 0% PUI 2.5% FUI 5%

Dough pH 6.59 +0.062 6.53 +0.05° 6.51 +£0.08°
Dough density (g/cm?) 1.33 £0.032 1.32 +£0.022 1.33£0.032
Cookie density (g/cm?) 0.98 £0.032 0.94 £0.022 091 +0.052
Cookie moisture (%) 3.57 +0.032 3.35+0.022 3.02+0.10°
Baking loss (%) 8.22+0522 7.84+0232 8.10+0.282

Height (mm) 6.6 0242 6.6+£0.242 6.8+£0.20°
Diameter (mm) 51.2+0.832 51+0.10° 51.2+£0.832
Spread factor 7.81+£035% 7.71£033° 7.56 £0.27 2
Adhesiveness (m]) 0.42 +0.052 0.87 £0.15° 0.72 £ 0.11 be
Cohesiveness 045 +£0.022 0.26 +£0.02° 0.16 £0.01°¢
Springiness (mm) 3.054+0.29° 3+£049? 1.75 +0.08®
Gumminess (g) 360.89 £7.592 712.56 4 75.52 ® 457 +26.192

Data represent the mean =+ SE of 3 observations, where groups not sharing a letter are expressed as significantly
different (p < 0.05). UI: Ulva intestinalis, PUL: powdered Ulva intestinalis, FUI: fragmented Ulva intestinalis.

The density of the cookie dough is considered an indicator of the air trapped in the
dough during mixing. Compared to the control cookies, a non-significant difference in
dough and cookie (after baking) density was found in PUI 2.5% and FUI 5%, respectively,
indicating no significant changes of cookie diameter among groups. Although dough
density was not affected by the addition of Hizikia fusiforme up to 5% in cookies [13,25].
Moreover, the average dough density among all groups was 1.32 and, after baking, they
were decreased to 0.94. It was due to the difference in weight loss between cookie dough
and cookie after baking.

Moisture content is an important attribute for determining the quality of bakery
products. Moisture content and water activity are recognized as key factors that directly
influence the hardness of dry foods including cookies [26]. The moisture content of the
cookies varied from 3.02 to 3.57% and the moisture content of FUI 5% was significantly
lower (p < 0.05) than that of PUI 2.5% and control cookies, respectively. The current finding
is in the range of Kabirullah et al. [27] analyzed the cookies and found a moisture content
ranging from 4.06-4.97%.

Baking loss is the removal of moisture, which influences the texture and staling
properties of baked products. No significant difference was observed in baking loss and
the values were quite similar, ranging from 7.84 to 8.22 for all groups. This result agrees
with the findings of Okpala et al. [28], where the author reported that the baking loss of
different biscuit compositions varied between 7.14 and 10.39%. It has been reported that
moisture content and baking loss are closely related to the moisture retention capacity of
cookies [29]. According to Kotoki and Deka [30], baking loss was influenced by the dough
ingredients present in cookies; although, there was not a significant difference in baking
loss for either regular cookies or cookies with seaweed inclusions. Values for thickness and
diameter of the cookies were found to range from 6.6 to 6.8 and 51 to 51.2, respectively,
with no significant difference between groups. The spreading factor was found highest
in the control, while the lowest value was found at FUI 5%, which is quite similar to the
results of Oh et al. [13], where the author reported a higher spread factor in the control
than in the treatments. This can be done by entrapping seaweed powder or fragments with
other ingredients, and pulling them together into a coherent cookie mass; therefore, the
spreading factor of the seaweed-supplemented groups was also found to be significantly
lower than that of the control group.

The textural properties of cookie dough were further characterized by rheological
tests of adhesiveness (the property of sticking together), cohesiveness (energy required
for breaking down the internal structure), springiness (ability to spring back after first
compression) and gumminess (energy required for breaking down semi-solid food for
swallowing), as reported previously on semi-solid food items [31]. Comparing with control
cookies, a significant increase of adhesiveness and gumminess were observed in PUI 2.5%
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groups but not FUI 5%. Moreover, cohesiveness was significantly reduced in cookie dough
prepared from PUI and FUI, as compared with the control. These changes in Ul-added
cookies may be due to the presence of various viscous materials present in seaweed [2].
However, the springiness of dough was significantly decreased in FUI 5% group, as because,
it contained fragmented seaweed that disintegrates the dough materials in our study.

3.3. Textural Characteristics of Cookies Prepared with PUI and FUI

The texture properties of a food product are one of the most important physical quality
attributes, by which, a consumer can easily evaluate [32]. Hardness is the textural property
that is attracting more attention when evaluating baked goods as it is closely related to
human perception of freshness [33]. Figure 2 shows the hardness of cookies made from
UI 0%, PUI 2.5% and FUI 5% UI and the values were taken as 2.30, 2.82 and 2. 64 kg/cm?
recorded. Although the values were not significantly different between treatments. This
result agreed with the results of Mancebo et al. [34] where the author reported increased
biscuit hardness from the addition of both insoluble and soluble fiber. This could be due to
the changes in moisture content and network structure in these cookies caused by gums
and polysaccharides contained in Ul seaweed. In the case of PUI 2.5%, it was reported
that higher hardness could be due to the higher solubility of powdered seaweed, whereas
seaweed fragments have lower binding capacity and solubility.

3.5 4
3.0 1 a

2.5 1

2.0 1

Hardness

1.5 1

1.0 1

0.5 1

0.0

UI10% PUI 2.5% FUI 5%

Figure 2. Hardness (kg/cm?) comparison of cookies prepared with UI 0%, PUI 2.5%, and FUI 5% UL
Data represent the mean =+ SE of 3 observations, where groups not sharing a letter are expressed as
significantly different (p < 0.05).

3.4. Color Characteristics of Cookies Prepared with PUI and FUI

Seaweeds generally obtain chlorophyll or carotenoid pigments, providing them a
unique green, brown, or red color, which are discolored during cooking and storage [35].
On the front side of the cookies, the L* (Lightness) value of PUI 2.5% was considerably
higher compared to PUI 0% and FUI 5% but not statistically significant (Figure 3A). On
the back side, L * (Lightness) was found higher in the control group and the significantly
lowest value was recorded in FUI 5% (Figure 3B). This is indicative of the existence of a
browner color on top of the cookie due to the cooking process and the contact with the
hot air, since it has a higher temperature than the oven tray. The current finding was quite
similar to those reported by Pereira et al. [36] and Adeola and Ohizua [37], where the
authors reported lower L * (Lightness) in the top side of cookies when compared to the
back sides. The a * (Redness) and b * (Yellowness) colors of cookies on both front and back
sides were statistically significant in control (0% UI) cookies than that of seaweed cookies
of PUI 2.5% and FUI 5%, respectively. This result is more or less similar to the observations
made by Pereira et al. [36] but in contrast to those of Adeola and Ohizua [37]. This can be
due to the difference in heat transfer, temperature, moisture content, and air velocity.

162



Foods 2023, 12, 205

A Front side
70 - a
T a a
= 60 1 RS e,
E 50 -
£ 401
< a b
S 30 - ’ 7 b
S 20 1 a 7
S 10 4
o B e
0 T T J
UI 0% PUI 2.5% FUI 5%
~#—L* (Lightness)  —*—a*(Redness) ~—“—b* (Yellowness)
B Back side
80 - - a b
-~ -—
=
5: 60 1
g
= 407 a
4 b c
S 20 1 —
S a b
“ o — > )
UI0% PUI 2.5% FUI 5%
=20 -
~#—L* (Lightness) ~*—a*(Redness) ~b* (Yellowness)

Figure 3. Changes in color values in both (A) front side and (B) back side of cookies prepared with UI
0%, PUI 2.5%, and FUI 5% UL The dimension L* means lightness, with 100 for white and 0 for black
appearance; a* indicates redness for positive value and greenness for negative value, b* indicates
yellowness for positive value and blueness for a negative value. Data represent the mean + SE of
3 observations, where groups not sharing a letter are expressed as significantly different (p < 0.05).

3.5. Nutritional Characteristics of Cookies Prepared with PUI and FUI

The nutritional value, particularly protein, lipid and ash, was significantly increased
in cookies with PUI 2.5% and FUI 5% compared to control cookies (Figure 4). This study is
similar with the study of Mamat et al. [38] as they found inclusion of seaweed improves
the proximate composition of bakery product muffin. The protein content of cookies
increased with the increase of UI concentrations. This result is similar to the findings of
Kabirullah et al. [27] and Vijay [14], where the authors reported the protein percentage as
6.88-11.78% and 7.34-10.20%, respectively. Lipid content was found at 25.39% and 25.04%
in PUI 2.5% and FUI 5% treated groups, respectively, and showed significantly higher
(p < 0.05) compared to the control. This was similar to the findings of Kabirullah et al. [27]
and Vijay [14], where the authors reported the lipid percentage as 23.02%, 5.66-26.67%,
and 26.30-27.96%, respectively. An increase in lipid content might be an indication of
the presence of PUFA [39]. Ash content varied from 1.45 to 4.81, where the highest value
was noted in PUI 2.5% and found significantly higher (p < 0.05) compared to FUI 5% and
control, respectively, indicating the incorporation of two different forms of seaweeds to
cookies affected the ash content that might be the cause of differential particle sizes. Due to
increased particle size of fragmented seaweed, water-holding and swelling capacities are
high. In support, Jongaroontaprangsee et al. [40] reported similar findings where the outer
leaves of cabbage were found to be lower in water-holding and swelling properties with
decreasing particle size. In recent study, U. intestinalis, formerly known as Enteromorpha
intestinalis from Bangladesh showed a considerable amount of mineral elements in dry
matter basis (DM), among them, Ca (190.45 mg% DM), Fe (98.27 mg% DM), Cu (1.92 mg%
DM), Zn (1.66 mg% DM), Na (12.33 mg% DM) and K (238.05 mg% DM) were the most
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dominant ones [9]. The study found higher minerals than the finding of Vijay [14], where the
authors reported the ash percentage as 0.40-1.92%, respectively. These findings suggested
that cookies from 2.5% PUI and 5% FUI have greater potential in the substantial level of
essential minerals, thereby attracting consumer interest as UI cookies are more nutritious
in comparison to conventional cookies. More precisely, it can be said that cookies made of
2.5% PUI'was the best of the other inclusion level and resulted in more than double the ash
content and almost similar lipid enhancement compared to 5% FUI cookies.
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Figure 4. Nutritional composition of cookies prepared with UI 0%, PUI 2.5%, and FUI 5% UL Data
represent the mean =+ SE of 3 observations, where groups not sharing a letter are expressed as
significantly different (p < 0.05).

3.6. Freshness Characteristics of Cookies Prepared with PUI and FUI

Increased VBN value occurs when proteins are broken down by microorganisms or
endogenous enzymes during processing and storage, which is an important indicator
for freshness of food products. Moreover, cookies contain high levels of fat, leading to
increased sensory attributes, but they are sources of unwanted compounds, such as lipid
oxidation products, which can be monitored by TBARS values [23]. The VBN and TBARS
values of fishery products for acceptance limit for human consumption have been reported
as 30-35 mgN/100 g and 10-20 mg malonaldehyde/kg, respectively [19,21,41]. Both
normal cookies and fortified with Ul showed a very good and acceptable limit of chemical
attributes in the contents of VBN (Figure 5A) and TBARS (Figure 5B). Moreover, only
cookies in the 5% FUI group had a significant (p < 0.05) variation in reducing the VBN
(0.40 £ 0.13) and TBARS (1.28 4 0.03) values, compared with normal cookies. These results
were in accordance with the previous study of Abraha et al. [41], who found in their cookies
fortified with sturgeon fish fillet powder had acceptable VBN (0.47-1.09 mgN /100 g) and
TBARS (0.13-1.27 mg malonaldehyde/kg) values. However, in a recent study conducted
by Oh et al. [13] prepared cookies with various seaweeds from the Korean coast, VBN
and TBARS values were not assessed during quality characterization. The results of the
physicochemical characteristics of cookies indicated that UI addition may help to keep
the freshness over longer periods of time by suppressing the various chemical reactions,
possibly through the antioxidative and anti-microbial actions [42]. VBN contributes to the
generation of ammonia, biogenic amines and other products of amino acid deamination and
decarboxylation and it has a positive association with the activity of proteolytic enzymes
present in food products [43]. Therefore, the addition of UI to cookies resulting in the
decreased VBN values might be the cause of suppressing the proteolytic enzymes in cookies.
It is well known that seaweeds possess a rich source of natural and bioactive antioxidants
such as sulphated polysaccharides, phenolics and flavonoids, carotenoid pigments, dietary
fiber etc. [9,12]. These antioxidant substances in seaweed would play a role in chelating
free ions released from heat processing and, thus, inhibit degradation products of fats,
collectively known as TBARS, when added to cookies.
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Figure 5. Changes in (A) VBN and (B) TBARS values in cookies prepared with UI 0%, PUI 2.5%, and
FUI 5% UL Data represent the mean =+ SE of 3 observations, where groups not sharing a letter are
expressed as significantly different (p < 0.05).

3.7. Fatty Acid Profiles of UI Seaweed

Since the earlier study of nutritional analysis showed high lipid contents of Ul-treated
cookies, here, we further evaluated the full fatty acid profile of Ul to give potential insights
into the health-beneficial effects after inclusion in cookies. Moreover, the present study
reported for the first time, so far, on fatty acid profile of UI from Bangladesh coast. The
fatty acid contents of Ul were shown in Table 3 and the gas chromatographic profile of
UI was also presented in Figure 6. A total of 24 fatty acids were identified in the oil-
extracted sample of UL The most abundant fatty acids were detected as pentadecenoic
acid (286.86 + 1.01 pug/g DW), followed by linoleic acid (224.52 4 0.93 ug/g DW), myris-
tic acid (165.72 £ 0.59 ug/g DW), pentadecylic acid (140.93 £ 0.30 ug/g DW), and so
on. The amount of total saturated, mono-unsaturated, omega-3 fatty acids and omega-
6 fatty acids were reported to be 641.84 (36.14%), 563.70 (31.74%), 133.81 (7.54%) and
436.30 (24.57%) ng/g DW, respectively. Seaweed is a significant source of polyunsaturated
fatty acids [44]. The total polyunsaturated fatty acids were found to be 570 ug/g DW, which
correspondent to 32.11%. Among individual polyunsaturated fatty acids identified in UI,
linoleic acid (12.64%) was the most abundant one, followed by «-Linolenic acid (5.29%).
The results suggested that the amount of total fatty acids in UI contributed the majority to
the total lipid content analyzed previously. It is the first report on the fatty acids profiles
of UI from Bangladesh. Among the green seaweed tested by Cardoso et al. [45], omega-3
and-6 fatty acids were found in U. intestinalis (14.6 and 10.7, respectively), U. prolifera (14.0
and 24.7 %, respectively) and U. lactuca (14.1 and 12.1, respectively); our findings were
greatly supported by this study. Although, the amount of fatty acids in dry weight mass is
absent. Moreover, another study conducted on green seaweed, U. lactuca was in agreement
with our findings [46]. Since polyunsaturated fatty acids in UI possessed a substantial level
offering a wide spectrum of health effects such as cardiovascular disease mitigation [47],
neuroprotective [48] and neurotrophic [49] effects, and obesity [47] and diabetes [50] man-
agement, upon consumption, especially in the form of inclusion to dietary cookies in an
approach of the present study.

Table 3. Fatty acid contents of Ul dried powder.

Systematic Name Common Name Abbreviation Amount (ug/g DW)
Decanoic acid Caproic acid C10:0 34.05 4+ 0.23
Dodecanoic acid Lauric acid C12:0 45.27 +0.14
Tetradecanoic acid Myristic acid C14:0 165.72 £+ 0.59
Pentadecylic acid C15:0 140.93 + 0.30
Hexadecanoic acid Palmitic acid C16:0 41.20 £0.46
Heptadecanoic acid Margaric acid C17:0 36.76 + 0.12
Octadecanoic acid Stearic acid C18:0 76.04 +0.29
Docosanoic acid Behenic acid C22:0 91.49 £0.75
Tetracosanoic acid Lignoceric acid C24:0 10.38 £ 0.61
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Table 3. Cont.

Systematic Name Common Name Abbreviation Amount (ug/g DW)
Y SAFA 641.84
Pentadecenoic acid C15:1 286.86 £+ 1.01
Hexadecenoic acid Palmitoleic acid Cl6:1 83.96 + 0.29
Cis-9-Octadecenoic acid Oleic acid C18:1 cis 140.14 + 0.55
Trans-9-Octadecenoic acid Elaidic acid C18:1 trans 23.32 +0.10
Cis-11-Eicosenoic acid C20:1 13.86 + 0.25
Cis-13-Docosenoic acid Erucic acid C22:1 15.56 + 0.63
Y MUFA 563.70
All cis-9,12,15-Octadecatrienoic acid o -Linolenic acid C18:3 94.06 £+ 0.24
All cis-5,8,11,14,17-Eicosapentenoic acid EPA C20:5 2442 +£1.13
All cis-4,7,10,13,16,19-Docosahexenoic acid DHA C22:6 15.33 £ 0.23
Y PUFA (Omega-3) 133.81
All cis-9,12-Octadecadienoic acid Linoleic acid C18:2 cis 22452 +0.93
All trans-9,12-Octadecadienoic acid Linolelaidic acid C18:2 trans 39.17 £ 0.21
All cis-6,9,12-Octadecatrienoic acid y-Linolenic acid C18:3 37.08 £+ 0.03
All cis-11,14-Eicosadienoic acid C20:2 17.55 + 0.03
All cis-8,11,14-Eicosatrienoic acid Dihomogammalinolenic acid C20:3 22.73 £1.10
All cis-5,8,11,14-Eicosatetraenic acid Arachidonic acid C20:4 95.26 + 0.70
Y _PUFA (Omega-6) 436.30

SAFA: saturated fatty acids, MUFA: mono-unsaturated fatty acids, PUFA: poly-unsaturated fatty acids.
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Figure 6. Gas chromatogram of injected FAMEs from UI with major fatty acids peaks.

4. Conclusions

The study was conducted to develop value-added health-functional seaweed-based
cookies. The fishy smell was significantly reduced in cookies with 2.5% PUI and 5%
FUL It was found that the addition of 2.5% PUI and 5% FUI to the cookies was similar
to the control cookies in terms of sensory properties. In addition, a significantly higher
nutrient composition (protein, lipid and ash) was observed in seaweed-based cookies made
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from both PUI and FUI. At 2.5% PUI and 5% FUI, cookies had significant and acceptable
physicochemical and structural properties. Furthermore, the addition of UI to cookies
resulted in a high lipid content, the fatty acid profile of which was further analyzed,
which was the first time for Ul from Bangladesh coastline. UI has a significant content
of polyunsaturated fatty acids, either in dry matter or as a percentage of total fatty acids,
confirming its biofunctional properties when added to cookies. However, whether thermal
processing could preserve the beneficial fatty acids in cookies and how long UI could be
effective in preserving biscuit quality during storage should warrant for further study.
These results suggest the possibility of developing baked goods with highly nutritious and
healthy functional properties made from Ulva intestinalis available on the Bangladesh coast.
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Abstract: Due to its unique biological composition, aquatic products, especially fish, are extremely
perishable compared to other muscle products. Herein, we proposed an artificial nanozyme-based
colorimetric detection of hypoxanthine (Hx), the indicator of fish freshness, in a minute-time scale
without the assistance of a natural enzyme (hypoxanthine oxidase). The principle is based on the
interaction between Hx and polyvinylpyrrolidone-modified platinum cubic nanomaterials (PVP-
PtNC), in which the catalytic active sites of PVP-PtNC’s surface were blocked by Hx. This causes the
downregulation of PVP-PtNC’s catalytic ability and weakened its ability to catalyze the oxidization of
3,3 5,5'-Tetramethylbenzidine (TMB) by H,O,. Accordingly, the decrease in the UV-vis absorption
and the weakening of the colorimetric reaction color is proportional to the Hx concentration. On
this basis, a target-triggered colorimetric method for detecting Hx is developed for fish freshness
monitoring with a fast detection speed, low cost, high accuracy, and simplified operation. Experiments
reveal that the correlation response of Hx is from 0.5 uM to 10 mM with a limit of detection of 0.16 uM.
In particular, the Hx detected from real fish indicates that the method possesses a promising potential
for practical application. All of these features are expected to promote the development of online
detection tools for food safety monitoring.

Keywords: food safety; nanozyme; fish freshness; platinum nanocube; hypoxanthine

1. Introduction

As one of the most important components of the modern food industry, aquatic prod-
ucts are especially favored by humans because they not only offer essential calories to the
human body but also provide multiple nutrients such as protein and docosahexaenoic
acid [1]. According to the official report by fishery and aquaculture products fishery and
aquaculture products (FAPs), the consumption of aquatic products is increasing steadily
in people’s daily diets [2]. China has ranked first in fisheries and aquatic products in the
world [3], most of which is consumed by the domestic market and China is responsible for
most of the increase in world fish consumption. However, aquatic products, especially fish,
are highly perishable with a limited shelf-life after slaughter due to the ready occurrence
of protein degradation, lipid oxidation, and changes in odor, flavor, and texture [4,5]. The
aquatic product spoilage thus stimulates the accurate freshness analysis of fish. Tradition-
ally, consumers mainly rely on a sensory approach to judge the organoleptic features of fish
according to their perceptions and experiences, which is not reliable and is subjective for
freshness evaluation and might even cause severe food safety incidents if the food had been
spoiled for a long time. Therefore, it is imperative to develop accurate analytical methods
for accurately monitoring aquatic products’ freshness.
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With the rapid development of aquatic product science and the advancing of modern
analytical chemistry, the methods adopted for aquatic product freshness, exemplified by
fish, identification has been at the biochemical and microbiological level. For instance, the
growth of microorganisms in fish tissues leads to the degradation of adenosine triphosphate
(ATP) but the right accumulation of a reaction intermedium of hypoxanthine (Hx) [6,7].
This transform means that Hx can be used as an important indicator to reveal the freshness
of fish since its accumulation is proportional to the storage time. Currently, to meet the
freshness standard, conventional methods including mass spectrometry technology [8,9]
near-infrared spectra [10], electronic nose [11], electronic tongue technology [12], fluores-
cence [13-15], computer vision technology [13,16], and gas chromatography-mass spec-
trometry (GC-MS) technology [15] have been already been applied to realize the measuring
of Hx. Although these methods are highly repetitive, accurate, and reliable, the request for
expensive equipment, professional personnel, and specialized laboratory limits their wide
application. The ask for a user-friendly detection method with fast detection speed, low
cost, high accuracy, and simplified operation is continually demanded.

In the past decade, nanozymes, as a new generation of artificial enzymes with highly
effective enzyme-like properties, come into focus and achieve great progress. The land-
mark work is reported by Yan’s group in 2007. In their work, they first found the intrin-
sic peroxidase-like activity of ferromagnetic nanoparticles [17]. From that time, several
nanozymes (e.g., Au nanoclusters [18,19], WS, nanosheets [20], graphene oxide [21], and
carbon dots [22]) have been explored and applied for building biosensors in responses
to a variety of target analytes including proteins, nucleic acids, metal ions, inorganic and
organic compounds, and so on [23-27]. In particular, noble metal nanomaterials have
become one of the hot topics due to their unique chemical properties and excellent catalytic
activity. Moreover, compared with natural enzymes that are difficult to prepare, easy to
deactivate, and expensive to use, artificial nanozymes can be easily prepared with low cost,
high stability, and especially, high catalytic ability [26]. These advantages allow the boom
of nanozyme-based sensors for biochemical analysis, which might also be useful for us to
build a Hx-responsive online detection method with high assay performance.

The conventional Hx sensing platform typically requires xanthine oxidase (XOD) to
convert Hx to HyO, and uric acid in the presence of oxygen. The generated H,O, can
be further catalyzed and produce hydroxyl radicals (¢OH) via the catalysis of peroxidase-
mimicking nanozyme and oxidize the chromogenic substrate from colorless to colored [28,29].
For instance, Zhang et al. demonstrated an efficient Hx-sensing platform based on the
peroxidase-mimicking activity of Fe-doped polydopamine (Fe-PDA) [30]. In the presence
of Hx, XOD can quantitatively convert Hx to HyO,, and the generated H,O, can further
oxidize the colorless 3,3',5,5'-Tetramethylbenzidine (TMB) to blue oxTMB with the catalysis
of Fe-PDA. However, these biosensors still need the assistance of the natural enzyme (XOD),
which meant it was difficult to avoid the drawbacks of conventional enzymes such as their
instabilities under harsh conditions.

Taking the above into consideration, the research objective is to construct a conven-
tional colorimetric sensing platform for fish freshness determination. Herein, we hypothe-
sized a colorimetric method for the determination of Hx based on the downregulation of
peroxidase activity of the polyvinylpyrrolidone-modified platinum cubic nanomaterials
(PVP-PtNC). This strategy lies in our finding that the Hx can block the active catalytic
sites on the PVP-PtNC surface so that the ultra-high catalytic ability of PVP-PtNC can be
downregulated directly by Hx. Once encountered with the H,O; to catalyze the oxidation
of TMB, a typical peroxidase substrate, the significantly weakened peroxidase activity
would powerfully inhibit the generation of oxidized blue products. Therefore, this sens-
ing platform can realize the quantitative determination of Hx without the assistance of a
natural enzyme (XOD). Our results showed that the morphology of PVP-PtNC was well
demonstrated by transmission electron microscopy (TEM). The decrease in the UV-vis
absorption and the weakening of the colorimetric reaction color is proportional to the Hx
concentration. Moreover, benefiting from the wide linear response range, low detection
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limit, high specificity, and repeatability, this colorimetric nanosensing method has been
successfully applied to analyze real fish samples in only 10 min. Such a nanozyme-based
sensing platform with its minute-time scale detection merit would thus open a new avenue
for the online monitoring of aquatic products’ freshness.

2. Materials and Methods
2.1. Materials and Instruments

Hypoxanthine (Hx), uric acid, dopamine, and 3,3’ ,5,5'-tetramethylbenzidine hydrochlo-
ride (TMB) were purchased from Shanghai bioengineering technology co. LTD. (Shanghai,
China). Hydrochloric acid (HCI), acetic acid (CH3COOH), sodium acetate (CH3COONa),
sodium hydroxide (NaOH), Glucose (Glucose), hydrogen peroxide (H,O,, 30 wt%), ascor-
bic acid (C¢HgOg), zinc chloride (ZnCl,), magnesium chloride (MgCl,), Calcium chloride
(CaClyp), silver nitrate (AgNO3), potassium chloroplatinate hexahydrate (IV) (K, PtCls-6H,0),
potassium bromide (KBr), polyethylene pyrrolidone (PVP, MW =~ 50,000), and ethylene
glycol (EG) were purchased from Sigma Aldrich (St. Louis, MO, USA). Live fish were
purchased from the supermarket located in the Gannan Normal University (Jiangxi, China).
All reagents were used directly without further purification.

The UV-vis spectrophotometer (UV-1780, Shimadzu, Kyoto, Japan) was used to record
UV-vis absorption. The Precision Electronic Balance (BSA2245, Sartorius, Goettingen,
Germany) was used to weigh reagents. Transmission electron microscope (Titan G260-
300, FEI Company, Hillsboro, OR, USA) was used to characterize the morphology of
nanoparticles. The concentration of Platinum element was determined with the induc-
tively coupled plasma emission spectrometry (ICP-OES) (Ultima2, HORIBA Jobin Yvon,
Longjumeau, France). The High-Speed refrigerated centrifuge (Sorvall ST 16R, Thermo
Scientific, Waltham, MA, USA) was used to separate and enrich samples. The water prepa-
ration apparatus (Milli-Q, Millipore Corporation, Bedford, MA, USA) was used to prepare
ultrapure water.

2.2. Synthesis of PVP-PtNC

The PVP-PtNC nanomaterials were synthesized according to literature reports [31].
First, 20 mg KBr and 40 mg PVP were added into a 3.5 mL glycol (EG) solution. After
dissolving, the mixture was heated to reflux (about 180 °C) for 15 min under an oil bath.
This is followed by adding 0.5 mL K;PtCls-6H,O solution (40 mg/mL, EG dissolved)
to react with the mixture for another 20 min. Subsequently, the resultant solution was
immediately cooled with an ice bath. The excess PVP was removed by centrifugation and
the final reaction products were washed with acetone and deionized water 3 times to obtain
the purified PVP-PtNC, which was stored in 4 mL ultrapure water at 4 °C before usage.
The concentration of platinum was measured to be 0.473 g/L in PVP-PtNC by ICP-OES.

2.3. PVP-PtNC-Based Colorimetric Sensing of Hx

Prior to detecting Hx, the standard Hx solutions were prepared by weighing 0.0136 g
Hx and dissolving it in 0.4 mL of 1 M HCl since Hx is poorly soluble in neutral conditions.
The resultant mixture was then added with 9.6 mL of 0.05 M Sodium acetate-Acetic acid
(NaAC-HAC) buffer (pH = 4) to obtain the storing solution of Hx (10 mM). Other concentra-
tions of Hx were obtained by diluting the storing solution of Hx with 0.05 M NaAC-HAC
buffer (pH = 4). To conduct the colorimetric detection of Hx, the PVP-PtNC (100 uL, 5 uM)
and Hx solutions at different concentrations were mixed in 0.05 M NaAC-HAC buffer
(pH = 4) and incubated at room temperature for 30 min. The resultant mixture (100 uL)
was added with H,O, (25 uL, 1 M) and TMB (25 uL, 15 mM) to carry out the colorimetric
catalysis reaction at room temperature for 10 min. The visible absorption spectra from 400
to 800 nm were measured by a UV-vis spectrophotometer and the peak absorption value
at 651 nm was recorded for evaluating its sensing performance.
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2.4. Processing of Real Fish Samples

Firstly, we took fresh live fish and removed their scales, skin, and bones to obtain
the fresh fish meat, which is then processed into minced meat by grinding treatment and
spoilage-treated by placing them at room temperature. After 12 h, 5.0 g minced fish meat
was added with H,SO4 (10 mL, 0.06 M) solution to make them digested, and then added
with 39 mL of ultrapure water to break up the fine tissue by homogenate processing. The
resultant solution was placed in a shaker for 4 h at room temperature. After the shaking
was completed, the residue was filtered with filter paper, and the maintained solution
phase was filtered twice with an organic filter followed by adding NaOH (1 mL, 6 M) to
adjust its pH to 4.0. The final sample was placed in the refrigerator and stored at 4 °C
until use.

3. Results and Discussion
3.1. Principle of the Proposed Colorimetric Sensor

Figure 1 presents the working diagram of the PVP-PtNC-based colorimetric sensor to
detect Hx. One can find that, in the absence of Hx, the PVP-PtNC can maximally maintain
its peroxidase activity. When exposed to the mixture of H,O, and TMB, the oxidization of
TMB by H,O, can be immediately performed by the catalytic peroxidase activity of PVP-
PtNC, in turn resulting in an obvious solution color change and a significant enhancement
of the UV-vis absorption for the Hx-absent negative sample. However, in the presence of
Hx, the surface with catalytic active sites on PVP-PtNC can be coated with Hx because of
the physical absorption of Hx on PVP-PtNC. The catalytic activity of PVP-PtNC is thus
downregulated with the net decrease in its active sites. Upon being introduced with H,O,
and TMB, the oxidization of TMB by H,O, cannot be strongly executed anymore. We can
only observe a weakened color change or even a colorless solution of the Hx-presented
positive sample. In this case, the signal absorption is also decreased. From the working
principle, it is seen that the color change degree and the decrease in the UV-vis absorption
are based on the Hx concentration since the more the Hx presented, the more active sites of
the PVP-PtNC will be occupied. The color change can be easily observed by the naked eye,
while the intensity change of UV-vis can be monitored by a UV-vis spectrometer.
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Figure 1. Schematic diagram of the working principle for the PVP-PtNC-based colorimetric detection
of Hx.
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3.2. Feasibility Demonstration for Hx Analysis

To validate the feasibility of Hx analysis, the strong peroxidase activity of the platinum
cube is the prerequisite for subsequent studies, which should be confirmed first. As
shown in sample a of Figure 2A, the mixture of TMB and H,O, showed a very weak
color, suggesting that the autocatalysis of TMB by H,O is very difficult. After added with
PVP-PtNC, as shown in sample b, we can excitingly find that the solution was changed
to dark blue. This phenomenon confirms the strong peroxidase activity of PVP-PtNC. On
this basis, we tested the catalysis system for Hx sensing in sample c. As expected, the
pre-incubation of Hx with PVP-PtNC, and then, using the Hx-coated PVP-PtNC to react
with the mixture of TMB and H,O, was unable to strongly catalyze the oxidization of TMB
by H,O; since sample ¢ only showed a light blue. The big difference in samples b and ¢
demonstrate the downregulation of the peroxidase activity of PVP-PtNC by Hx, which also
evidences the availability of this sensing method for Hx analysis. We also further measured
the UV-vis absorption spectra of samples a, b, and ¢ in Figure 2B. It can be seen that the
oxidization of TMB by H,O, displayed the weakest UV-vis absorption in line a. The further
introduction of PVP-PtNC caused a significantly improved peak absorption intensity in
line b. However, when used to analyze Hx, the peak absorption was obviously decreased
in line c. The variation tendency of the UV-vis absorption spectra in Figure 2B is consistent
with the color changes in Figure 2A, confirming further the feasibility of Hx detection.

1.50

a b Cc a (H,0,+TMB)
—— b (PVP-PINC+H,0,+TMB)
" 1.251 ¢ (PVP-PINC+Hx+H,0,+TMB) /ﬂ"[\\
,A,g E N h
Samples ¥ » 2
1.00 g
@ ©
T™B £ 2112
& i
£ 0.754 3
o 2
H,0, 2
< 0.50 \\/
PVP-PtNC 0.25
i ; 0.00

500 550 600 650 700 750
Wavelength (nm)

Figure 2. (A) Photographed images and (B) UV-vis absorption spectra of (a) TMB + H,O,, (b) PVP-
PtNC + TMB + H,O,, and (c) PVP-PtNC + Hx + TMB + H,0,.

3.3. Characterization of as-Synthesized PVP-PtNC

In this study, the successful colorimetric sensing of Hx is based on the application
of PVP-PtNC. We, therefore, need to first characterize the as-synthesized PVP-PtNC. As
shown in Figure S1A, the synthesized PVP-PtNC were all cube-shaped and uniformly
dispersed. The average particle size is about 7.3 nm. Figure S1B is a high-resolution
TEM image of a single PVP-PtNC nanomaterial, which clearly showed the corresponding
lattice fringe and the lattice fringe spacing. These results indicate that PVP-PtNC has been
successfully prepared.

The Michaelis constant (Km) value is a key indicator of enzymatic efficiency that
indicates the affinity between enzymes and substrates, in which the lower Km value
signifies a higher affinity [26]. To determine the peroxidase-like activity of the PVP-PtINC,
a steady-state kinetic assay was carried out at room temperature. The Michaelis-Menten
curves were obtained and fitted to the double-reciprocal plot (Figure S2A,B) and the Km of
the PVP-PtNC toward TMB was calculated to be 2.22 x 10~ M. The Km of the PVP-PtNC
toward TMB was lower than that of HRP, suggesting that PtNC has a higher binding
affinity to TMB compared with HRP (Table S1). The Km of the PVP-PtNC toward H,O,
was calculated by plotting the initial reaction velocities against the H,O, concentration
curve (Figure S2C) and then fitted to the double-reciprocal plot (Figure S2D). The Km
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was 3.92 x 1073 M, indicating that PtNC had a higher binding affinity to H,O, compared
with HRP. Therefore, PtNC was a promising peroxidase candidate for the peroxidase-like
enzymatic reaction.

3.4. Exploring the Interaction of PVP-PtNC with Hx

To deeply understand the interaction between PVP-PtNC and Hx, the charge states of
Pt species are investigated by XPS. As seen in Figure 3A, the PVP-PtNC showed four peaks
at 71.03, 72.33, 74.26, and 75.74 eV. According to the literature, the binding energies for
Pt (0) 4f;/, and 4fs5/, are 71.1 and 74.4 eV, respectively [32,33]. The peaks of PVP-PtNC at
71.03 and 75.74 eV can be assigned to Pt (0) 4f;/, and 4f5 5, respectively. In the absence of
target Hx, the fraction of Pt (II) and Pt (0) is determined as 34.6% and 65.4%, respectively.
Interestingly, the addition of Hx to react with PVP-PtNC decreased the content of Pt (II)
because the fraction of Pt (II) and Pt (0) is determined as 83.9% and 16.1% in Figure 3B. The
comparative results indicate the reduction of Pt (I) by Hx. In addition, the zeta potential of
the synthesized PVP-PtNC and Hx solution was —13.7 mV and —9.4 mV, respectively, and
their mixture changed the zeta potential to —~15.4 mV in Figure 3C. Therefore, Hx potentially
regulates the peroxidase-like activity of PVP-PtNC through electrostatic adsorption and
the in situ reduction interaction between Hx and PVP-PtNC.

0
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Pt 4fy, PLaf, 3
7 z
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-15
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Figure 3. Pt 4f XPS spectra of PVP-PtNC before (A) and after (B) incubated with Hx. Black, red, ma-
genta, and green lines represent the raw curve, the fitted curve, the Pt (0), and the Pt (II) components’
curves, respectively. (C) Zeta potential measurements of PVP-PtNC, Hx, and their mixture.

3.5. Optimization of Experimental Conditions

To achieve the best assay performance, the experimental conditions that are closely
related to the catalytical reaction such as the reaction time, the TMB concentration, the
H,0; concentration, and the pH of the reaction solution, were investigated in Figure 4. The
dynamic monitoring of the peak absorption as a function of the reaction time is shown in
Figure 4A. The peak absorption was initially increased and then leveled off indicating the
optimal reaction time is 10 min. Likewise, when the TMB concentration in Figure 4B was
greater than 15 mM and the H,O, concentration was greater than 1 M in Figure 4C, the
peak absorption also reached a plateau, suggesting the concentration of TMB at 15 mM
and the HyO; at 1 M are optimal for building the sensing system. Last but not least, we
optimized the pH of the reaction solution. As explored in Figure 4D, the employing of
0.1 M acetic acid /sodium acetate buffer to control the pH value of the reaction solution as 4
can achieve the highest signal output. Below or above this value, the peak absorption has
deteriorated. We thus controlled the pH value of the reaction solution as 4 to investigate
the Hx detection.
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Figure 4. Influences of (A) the reaction time, (B) the concentration of TMB, (C) the concentration
of HyO,, and (D) the pH of the reaction solution on the catalytic reaction between TMB and H,O,.

Error bars were obtained from three repetitive experiments.

3.6. Investigation for Quantitative Detection of Hx
Under optimized conditions (Figure 4), the developed colorimetric sensor was used to
detect Hx based on the reverse regulation of peroxidase activity of PVP-PtNC. As shown
in Figure 5A, with the increase in the Hx concentrations, the UV-vis absorption spectra
gradually decreased. This is reasoned by the inhibiting effect of Hx on the PVP-PtNC
catalytic activity. Figure 5B plotted the peak absorption at 651 nm dependent on the Hx
concentration. In the Hx concentration range from 0 to 10 mM, the four-parameters logistic
relationship was obtained between the peak absorption value (Ags1) and the concentration
of the Hx. The equation was y = 1.3005/[1 + (x/0.1822)%52%4] + 0.077 (R? = 0.9958), where
y was the absorbance intensity at 651 nm, and x was the Hx concentration. The limit of
detection (LOD) calculated by 30 /slope is 0.16 uM. Compared with reported fluorescent
and electrochemical detection methods or paper-based device in Table S2, the current
colorimetric Hx detection method not only shows a lower LOD but also is easy to operate
and able to output detectable signals quickly. A previous study has related the concentration
of HX to freshness, suggesting that the fish is fresh if the HX concentration is below 250 uM
and spoiled at >630 uM [34]. As shown in Figure S3, the colorimetric images show that fresh
fish and rotten fish have distinct color differences. Therefore, the colorimetric signal output
pattern does not require the use of expensive instruments and professional operators, which
can realize semi-quantitative detection directly based on the naked eye.
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Figure 5. (A) Typical UV-vis spectra collected from the PVP-PtNC-based sensing system introduced
with Hx at a concentration range from top to bottom: 0, 0.5 uM, 1.0 uM, 2.5 uM, 5.0 uM, 10 uM,
25 uM, 50 1M, 100 uM, 250 uM, 500 uM, 1 mM, 2.5 mM, 5 mM, 1 mM, and 10 mM. (B) The dynamic
relationship of the peak absorption intensity against the Hx concentration. Error bars were obtained

from three repetitive experiments.

3.7. Investigation for the Qualitative Detection of Hx

As well as the quantitative detection of Hx, the qualitative detection of Hx is another
vital point for evaluating the assay ability of this method [35]. To examine this specificity,
non-target analytes including glucose, uric acid, dopamine, Na*, K*, 7n?*, Mgz*, Cl—, and
NO3~ were selected and used to challenge this system. It is worth considering that the
metal ions were selected as analytes because some reports have found that the catalysis
activity of PVP-PtNC can also be influenced by some metal ions. These metal ions may
also exist in fish. These results gathered in Figure 6 show that compared with the negative
sample having a high signal absorption, the PVP-PtNC-based sensing system is only Hx
responsive considering the significant decrease in the signal. However, the presence of
any other non-target analytes, even with a concentration five times higher than Hx, cannot
induce any downregulation of the UV-vis signal. The comparative responses demonstrate
the excellent specificity of our nanosensing method for the qualitative detection of Hx.
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Figure 6. Peak absorption values of the sensing system in the absence and presence of glucose,
uric acid, dopamine, Na*, K*, Zn?t, Mg2+, Cl~, NO3 ™, and Hx, respectively. The concentration
of Hx was 1 mM, while other non-target species is 5 mM. Error bars were obtained from three

repetitive experiments.
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3.8. Practicability Investigation

After demonstrating the ability for the quantitative and qualitative detection of Hx,
we finally applied the PVP-PtNC-based sensing method to detect Hx from real fish samples,
which were prepared by spiking standard Hx at different concentrations into two batches of
spoiled fish meat. The pretreat of the fish meat is mentioned above. As shown in Table 1, no
matter if the fish samples spoiled for 12 h or 24 h, the spiked Hx at indicated concentrations
of 10, 100, and 1000 1M all exhibited favorable recovery rates, which were in the range of
102.6-106.0% and 100.9-101.9%, respectively. Meanwhile, the relative standard derivation
(RSD) values were also acceptable. These results affirmed the application potential of this
method to detect the amount of Hx in fish meat for monitoring fish freshness.

Table 1. Recoveries of the Hx in real fish samples.

12h 24h
Sample Spiking Found Recovery Spiking Found Recovery
(uM) (uM) (%) (uM) (uM) (%)
1 10 10.6 106.0 10 10.15 101.5
2 100 103.5 103.5 100 101.9 101.9
3 1000 1025.6 102.6 1000 1009.7 100.9

4. Conclusions

In summary, we developed a colorimetric method for the ultrafast signaling of Hx
based on the target-triggered reverse regulation of peroxidase activity of PVP-PtNC without
the assistance of a natural enzyme. This work shows that the colorimetric method for Hx
detection has the following advantages: first, Hx was used to directly regulate the catalytic
activity of the nanozyme, which reduced the detection cost and realized the one-step Hx
detection with only 10 min, and has been successfully applied to monitor the freshness
of live fish; second, the colorimetric method is easy to operate without the assistance of
advanced expensive equipment; third, this colorimetric method can detect Hx with high
sensitivity and specificity in a wide detection range. We expect this method to have a good
application prospect in the freshness detection of fish samples for ensuring food safety.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/foods12020291/s1, Figure S1: (A) TEM image of PVP-PtNCs to show its uniformity and cube
shape, (B) Image of single PVP-PtNC taken by a high-resolution TEM, Figure S2: The kinetic assays of
PVP-PtNC as artificial peroxidase-like catalysts for oxidation of TMB by H,O,. (A) Graphic represen-
tation of the plots of initial rate (v) vs. TMB concentration; (B) double-reciprocal plot generated from
(A); (C) Graphic representation of v vs. HyO, concentration; (D) double-reciprocal plot generated
from (C), Figure S3: The colorimetric images of as-proposed method under different concentrations
of Hx, Table S1: Comparison of PVP-PtNC kinetic parameters and HRP, Table S2: Comparison of
reported methods with the current one for Hx detection. References [17,29,36—40] are cited in the
supplementary materials.
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Abstract: This study explored the effects of sous vide (SV) cooking treatments on the physicochemical
quality and volatile flavor of half-shell scallop (Chlamys farreri) during 30 d of chilled storage. The
vacuum-packed scallop samples were cooked at 70 °C (SV-70) and 75 °C (SV-75) and maintained for
30 min. The samples were compared with the positive control (cooked at 100 °C for 10 min, CK).
The results indicate that the total volatile basic nitrogen (TVBN), pH, texture, and malondialdehyde
(MDA) content gradually increased, while the myofibrillar protein (MP) extraction rate of the CK,
SV-70, and SV-75 samples significantly decreased with increasing chilled storage time. Significantly,
the SV cooking treatments maintained a much higher water-holding capacity of scallop muscle,
compared with the conventional cooking process at 100 °C. Additionally, the SV-75 cooking treatment
maintained relatively stable TVBN, pH, and MDA content, springiness, and shearing force properties
of scallop samples, especially during 0-20 d of storage. Volatile flavor analysis showed that a total
of 42 volatile organic compounds (VOCs) were detected in the scallop samples, and there were no
considerable differences in these VOCs between the CK and SV-75 cooked samples (0 d). Overall, the
SV cooking treatments effectively maintained acceptable and stable physicochemical and volatile
flavor properties of half-shell scallop samples during chilled storage.

Keywords: sous vide; scallop; muscle quality; volatile compounds; chilled storage

1. Introduction

Scallop (Chlamys farreri) is very popular among consumers because of its relatively
large size, fast growth, rich nutrition, and delicious taste. According to a report by the
China Fishery Statistics Yearbook [1], the mariculture production of scallops in 2020 reached
1.828 million tons, and scallops were mainly produced in Shandong, Liaoning, and Guang-
dong Provinces of China. Due to their high moisture and protein content, fresh bivalve
molluscs such as mussels and scallops are highly perishable after death, and their rapid
deterioration is mainly caused by the work of endogenous enzymes and microorganisms
during storage [2,3]. Therefore, scallops are commonly processed in the form of dried,
cooked, and/or frozen products [4,5]. Dried scallop products have higher requirements
for their storage conditions, and the meat is very rough and hard. Refrigerated scallop
products are also susceptible to deterioration via protein denaturation, oxidation, bacterial
invasion, and protease degradation during long-term cold storage. The traditional 100 °C
heating method is the most common processing method, but it induces significant drip loss
of nutrients and water, decreases tenderness, and produces an overripe taste in the scallop
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products [6]. The shortcomings of this traditional cooking method are well known, and
further research is required to improve the cooking process for household consumption
and industrial production.

Sous vide (SV), a new type of processing method, is a controlled cooking method
of vacuum-packaged food, using water or steam as the heating medium under suitable
temperatures and time conditions [7]. It is widely used for cooking foie gras and beef in
European countries. In recent years, it has been applied to aquatic products to improve
their taste and nutritional value, such as crab lump meat [vii], large yellow croaker [8], and
European sea bass [9]. Significantly, this low-temperature heating treatment reduces the
loss of nutritional compounds and inactivates enzymes and microorganisms in the products.
Moreover, the SV-cooked products are vacuum-packed, which helps to prevent exogenous
bacteria contamination, oxidation reactions, and the presence of other contaminants during
storage. Zavadlav et al. [10] showed that SV-cooked salmon could be stored at 4 °C for up
to 24 d, and the shelf life of SV-cooked cod was extended to 32 d under chilled conditions.

In the case of scallop products, consumers usually prefer to use their shells as contain-
ers when the scallop products are processed, cooked, and/or consumed. However, there
are few studies on SV-processed bivalve molluscs, especially for half-shell scallop products.
There is no large-scale industrial preparation and production of ready to eat half-shell
scallops. In this study, half-shell scallops treated with different cooking conditions were
evaluated during storage. We aimed to explore the changes in the physicochemical and
volatile flavor properties of scallop products. This work provides theoretical support for
the implementation of industrial-scale SV preparation of marine bivalve molluscs, such as
scallops, mussels, and clams.

2. Materials and Methods
2.1. Chemical Reagents

Boric acid, sodium chloride, absolute ethanol, acetic acid, disodium hydrogen phos-
phate, trichloroacetic acid (TCA), and sodium dihydrogen phosphate were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Suzhou, China). Magnesium oxide was purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). A malondialdehyde
(MDA) assay kit was obtained from the Nanjing Jiancheng Institute of Biological Engineer-
ing (Nanjing, China). All chemicals used in this study were of analytical grade.

2.2. Scallop Samples and Treatments

Live scallop (Chlamys farreri) samples (an average weight of 65 + 5 g, an average
length of 6.3 £+ 0.5 cm, and an average height of 3.0 + 0.4 cm; 150 individuals) were
obtained from a local aquatic product market in Zhoushan (Zhejiang Province, China;
harvested in May 2021), and were packed in an insulated box filled with crushed ice
and transported to the lab within one hour. All scallop samples were cleaned with tap
water to remove the sand and dirt on the surface of the shell. Next, the adductor muscle
was removed from one side of the shell using a sterile scalpel, and the entire scallop
muscle was contained within a half-shell. The mantle and viscera were manually removed.
Subsequently, the obtained half-shell scallops were packaged independently in a heat-
resistant polyethylene (PE) bag (12 x 17 cm; obtained from Hebei Wangshi Packaging Co.,
Ltd., Shijiazhuang, China). The samples were vacuum-packed in a vacuum sealer (DZ-400-
25, Xingi Machinery Group Co., Ltd. Shanghai, China). The sealed half-shell scallops were
randomly divided into three groups, namely an SV-70 group (immersed in a water bath
at 70 °C for 30 min; 50 individuals), an SV-75 group (immersed in a water bath at 75 °C
for 30 min; 50 individuals), and a positive control group (CK; immersed in a water bath at
100 °C for 10 min; 50 individuals). Next, the cooked samples were rapidly cooled in an ice
water bath for 10 min with continuous stirring. Finally, the obtained samples were stored
in a refrigerator at 4 °C for 30 d, and the samples were removed and measured every 5 d.
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2.3. Total Volatile Basic Nitrogen (TVBN) Content and pH Analysis

TVBN content in the scallop adductor muscle was determined via a method reported
by Han et al. [11]. The results were calculated as milligrams N /100 g muscle. The pH value
was determined by dipping a pH electrode (E-201F, INESA Scientific Instrument Co., Ltd.,
Shanghai, China) into the homogenate of the adductor muscle in 0.85% NaCl solution.

2.4. Weight Loss Analysis

After removing the water on the surface of the shell and muscle, the half-shell scallop
samples were weighed via a method reported by Ortufio et al. [12]. Weight loss was
calculated according to the difference in weight before (M;) and after the storage (M,),
according to the following formula:

Weight loss (%) = (M, — M;)/M; x 100. (1)

2.5. Texture Analysis

The springiness of the muscle samples was measured using a TMS-Pilot texture an-
alyzer (TMS-Pilot, FTC, VA, USA) coupled with a 50 mm diameter cylindrical probe,
according to the method reported by Zhu et al. [13]. The testing was performed in two con-
secutive cycles at 30% compression, a constant speed of 1 mm/s, and a trigger point of
0.06 N. Each assay of each sample was repeated six times. The shearing force of the muscle
samples was determined by using a Warner-Bratzler blade at a constant speed of 1 mm/s.
The muscle samples were sheared perpendicularly along the fiber direction [14].

2.6. Malondialdehyde Content Analysis

MDA content in the scallop muscle was measured using an MDA assay kit according
to a method described by Zhu et al. [15]. The homogenate (10,000 r/min for 60 s; by using
a GM200 tissue grinder (Shanghai Instruments and Equipment Co., Ltd., Shanghai, China))
of muscle samples was combined with trichloroacetic acid (TCA) solution and mixed with
thiobarbituric acid (TBA). Next, the obtained mixture was heated in boiling water for
40 min and then cooled with cold water to room temperature. After centrifugation at
4000x g for 10 min, the absorbance of the supernatant was measured at 532 nm using a
U-2600 UV-Vis spectrophotometer (Shimadzu (China) Co., Ltd., Shanghai, China). The
results were expressed as mg MDA /kg of muscle.

2.7. Myofibrillar Protein (MP) Extraction Rate Analysis

The scallop muscle was mixed with 5 volumes of phosphate buffer solutions (50 mmol/L,
pH 7.2) and homogenized for 60 s in a T18 Ultra-Turrax homogenizer (IKA, Baden-
Wiirttemberg, Germany). The homogenate (10,000 r/min for 60 s) was centrifuged at
8000 g for 10 min at 4 °C (5424R, Eppendorf, Saxony, Germany). The obtained sediment
was collected and extracted again using the same buffer solutions. Next, the pooled pre-
cipitate was further homogenized in 10 volumes of ice-cold phosphate buffer solutions
(50 mmol/L, containing 0.6 mol/L NaCl, pH 7.2). Then, the mixture was centrifuged
at 8000x g for another 10 min at 4 °C. The collected supernatant was recognized as the
MP extract [16]. The content of MPs in scallop muscle was measured using the Bradford
method. The MP extraction rate was calculated according to the difference in the content
of MPs from the fresh sample (C;) and cooked samples (C;) with the same mass, with the
formula [17]:

MP extraction rate (%) = C,/Cy x 100. (2)

2.8. Volatile Compound Analysis

In this experiment, the fresh scallop (raw), 100 °C-cooked samples stored for 0 d
(CK-0), SV-75 samples stored for 0 d (SV-75-0), 15 d (SV-75-15), and 30 d (SV-75-30) (as
representatives) were selected to determine the composition of volatile organic compounds
in the scallop muscle via gas chromatography (GC) coupled with a high-resolution ion
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mobility spectrometry (IMS) (FlavourSpec© 1H1-00128, G.A.S, Dortmund, Germany). The
scallop muscle (2.00 g) was transferred into a 20 mL headspace bottle and incubated
at 75 °C for 15 min. Then, 500 uL headspace gas was injected into an MXT-5 column
(15m x 0.53 mm x 1.0 um) using nitrogen as the carrier gas [18]. The flow rate of the
carrier gas was as follows: 2 mL/min maintained for 2 min, 10 mL/min maintained for
10 min, 100 mL/min maintained for 20 min, and 150 mL/min maintained for 30 min. Next,
the separated compounds were ionized in the IMS ionization chamber at 45 °C [19]. The
volatile compounds were identified by comparing their mass spectra with those stored in
the National Institute of Standards and Technology (NIST) spectral database and the Ion
Mobility Spectrometry spectral database. The changes in the peak intensity reflected the
changes in the volatile compound content between different scallop samples.

2.9. Data Analysis

Three parallels were performed for each sample, except for the springiness and shear-
ing force determinations (six parallel measurements). Significance analysis was executed
using SPSS v26.0 (SPSS Inc., Chicago, IL, USA) at the significance level of p < 0.05. Data are
displayed as the mean =+ standard deviation (SD). Fingerprint and principal component
analyses (PCAs) were performed using VOCal software (version 0.1.1, G.A.S., Dortmund,
Germany).

3. Results and Discussion
3.1. TVBN and pH Analysis

TVBN content is an important indicator to characterize the degree of protein degra-
dation, and it is also used to evaluate the freshness of muscle products [20]. As shown
in Figure 1A, the TVBN content of three groups of scallop samples increased with ex-
tended storage time. The initial TVBN contents of the SV-70 and SV-75 samples were
comparatively lower than that of the positive control (CK) samples. Generally, the rapid
increases in the TVBN content of scallop muscle were attributed to the growth of spoilage
bacteria and associated metabolites, as well as the actions of endogenous enzymes during
processing and storage. During initial storage, the retarded TVBN values of SV-70 and
SV-75 samples were mainly due to oxygen deficiency and heating treatments, while the
TVBN values increased remarkably during the following 5-15 d of storage, suggesting
that the ammonia and amine nitrogenous substances significantly accumulated in muscle
tissues, resulting from the decarboxylation and deamination of amino acids, induced by
microorganisms, metabolic enzymes, and protein/lipid oxidation. Although the TVBN
values of the SV-70 and SV-75 samples on day 30 increased to 7.60 and 8.92 mg/100 g of
muscle, respectively, they were much lower than the acceptable limit (<30 mg/100 g), as
defined by the European Commission. These results are also consistent with the previous
report for European seabass (Dicentrarchus labrax) fillets and Atlantic salmon (Salmo salar)
slices by Kritikos et al. [21]. Herein, the SV cooking method inhibited the degradation
of muscle proteins induced by microorganisms and endogenous/exogenous enzymes to
a certain extent. Moreover, the method prolonged the shelf life of scallop products, al-
though the effect was significantly lower than that observed in the CK samples, especially
during prolonged storage periods [vii]. SV will reduce the number of bacteria as it is a
heat treatment. Pino-Hernandez et al. [22] indicated that SV cooking (60 °C) significantly
reduced the number of bacteria in pirarucu (Arapaima gigas) fillets. Humaid et al. [23] also
illustrated that SV cooking (65 °C) extended the shelf life of lobster (Homarus americanus)
tails mainly by inhibiting microbial activity. Additionally, these results of TVBN content
and their variations are similar to those of the current study. The microbiological test of
the half-shell scallops during storage is still in progress using high-throughput sequencing
procedures, including a 16S rRNA analysis and an 18S rDNA analysis.

186



Foods 2022, 11, 3928

TVB-N (mg/100g)

-1

6

o

B

of Bf

—A—CK cd Ce 7.9k —A—CK M %
= SV-70 cd *z_/ -2 " SV-70 Be - /j Ad

& - e
—8—SV-75 Be s Bf —8®—SV-75 o/ 7

o e Ad

1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Storage time (days) Storage time (days)

Figure 1. Changes in TVBN content (A) and pH value (B) of scallop samples with different treatments
during 30 d of chilled storage. Different lowercase letters in the same color for the same point plot
indicate significant difference (p < 0.05), and different uppercase letters in the same storage time
indicate significant difference (p < 0.05).

As illustrated in Figure 1B, the changes in pH values were similar to those of the
TVBN content of scallop samples during 30 d of chilled storage. The results indicate that
the pH values of SV-cooked scallops were relatively stable during the initial 0-15 d of
storage, while significant increases were observed during the following 15-25 d (p < 0.05).
These changes were attributed to the increased abundance of spoilage bacteria and the
accumulation of alkaline substances in muscle tissues [vii]. The pH values of the SV-75
samples were similar to that of CK, but significantly (p < 0.05) lower than those of the SV-70
samples on day 30; it was suggested that SV cooking at 75 °C likely hindered the growth
and reproduction of bacteria, as well as limited the activity of endogenous/exogenous
enzymes during chilled storage [24].

3.2. MP Extraction Rate Analysis

The extraction rate of MPs can be used to evaluate the denaturation degree of muscle
samples after thermal processing. Muscle tissues were completely denatured when the
extraction rate of MPs was less than 10% [17]. As depicted in Figure 2, the MP extraction
rate of CK, SV-70, and SV-75 samples were all less than 10% after the cooking treatments,
indicating that the mild SV conditions were acceptable to denature the MPs in the scallop
samples. Moreover, the MP extraction rate (MP denaturation) of the SV-70 and SV-75
samples was significantly (p < 0.05) higher than that of the CK samples during 0-30 d of
storage, and this was mainly due to the application of low temperatures. It was suggested
that mild SV cooking treatment comparatively maintained the MP structure and function
to a certain extent and reduced the degree of MP denaturation, which was beneficial for the
preservation of the texture and water-holding capacity of cooked muscle tissues during
storage. The lateral shrinkage of muscle fibers commonly occurs between 45 °C and 65 °C
in response to myosin denaturation, while longitudinal shrinkage is mainly associated
with actin denaturation, which occurs between 70 °C and 75 °C [25]. In the current study,
the SV-cooked samples at 70 °C and 75 °C showed different MP extraction rates, which
were also in agreement with the different denaturation temperatures of the MPs in the
muscle. The MP extraction rate of the three sample groups decreased continuously with
prolonged storage, and this could be attributed to the inhibition of aerobic bacteria and
endogenous enzymes during chilled storage [26]. In addition, the SV-70 samples showed
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a higher decrease in the MP extraction rate than that of SV-75 samples, indicating that
SV-70 cooking might be less effective in limiting the activation of spoilage bacteria and
endogenous enzymes, as compared to SV-75 cooking treatments.
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Figure 2. Changes in the MP extraction rate of scallop muscle with different treatments during 30 d
of chilled storage. Different lowercase letters in the same color for the same point plot indicate
significant difference (p < 0.05), and different uppercase letters in the same storage time indicate
significant difference (p < 0.05).

3.3. Weight Loss Analysis

As shown in Figure 3, the CK group had the highest weight loss (cooking loss) during
the storage period, which was mainly induced by high temperature during the boiling
process. High-temperature stress caused serious denaturation and destruction of myofib-
rillar proteins in muscle tissues, resulting in shrinkage of muscle fibers and collagen and
subsequent extrusion of water molecules from intracellular and intercellular space [27].
For the 100 °C-cooked samples, a large amount of drip loss containing some water-soluble
nutrients was a clear shortcoming, which greatly affected the sensory and nutritional values
of scallop muscle products. By comparison, the weight loss of SV-70 and SV-75 samples
was always lower than that of the CK samples over 30 d of storage. This suggests that the
SV cooking process effectively reduced the drip loss of scallop muscle and maintained a
higher water-holding capacity of scallop muscle tissues during chilled storage [28]. During
10-30 d of storage, the weight loss of SV-70 samples was comparatively higher than that of
the SV-75 samples, indicating a rapid decrease in quality occurred in the SV-70 samples,
and this was most likely due to the growth and reproduction of spoilage bacteria over time.
It was also suggested that the heating treatment at 70 °C might not be as sufficient as the
75 °C treatment to maintain the scallop muscle quality and limit the activity of bacteria
during 30 days of storage. These findings are consistent with the results of previous TVBN
and pH measurements, which also indicate the 75 °C treatment is better for maintaining
the scallop muscle quality than the 70 °C treatment. Importantly, the SV-75 treatments
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showed positive effects on the water-holding capacity (juiciness characteristic) of scallop
muscle tissues during chilled storage.
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Figure 3. Changes in weight loss of scallop muscle with different treatments during 30 d of chilled
storage. Different lowercase letters in the same color for the same point plot indicate significant
difference (p < 0.05), and different uppercase letters in the same storage time indicate significant
difference (p < 0.05).

3.4. Springiness and Shearing Force Analysis

Springiness indicates the ability of muscle tissue to recover its deformation within
a certain period. As shown in Table 1, the springiness of each of the three groups of
scallop samples showed a decreasing trend during the storage time. This may be due to
the structural alterations of the muscle fibers, as well as its connective tissues, leading
to a decline in springiness. Previously, Zhao et al. [29] illustrated that the degradation
of myofibrillar proteins in large yellow croaker (Pseudosciaena crocea) negatively affected
the springiness properties of muscle tissues during storage. Significantly, the springiness
values of the SV-70 and SV-75 samples were comparatively lower than those of the CK
samples during storage, which were associated with the denaturation levels in different
cooked scallop samples. The CK and SV-75 treatments caused thermal denaturation
(e.g., cross-linking, uncoiling, and aggregation) of muscle proteins (including collagen,
myofibrillar, and sarcoplasmic proteins) and shrinkage of connective tissues, which resulted
in a comparative delicate texture [6]. There was no significant difference (p > 0.05) between
the springiness of the CK and SV-75 samples, both of which were significantly better than
the SV-70 samples (p < 0.05) during the entire storage period. Continuous deterioration of
the springiness metric occurred in the SV-70 samples over 30 d of storage, which might be
due to the resuscitation of anaerobic bacteria and the intrinsic biological factors involved in
endogenous enzymes (e.g., calpain and cathepsin) [28].
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Table 1. Changes in springiness and shearing force of scallop muscle with different treatments during

30 d of chilling storage.
Texture Grou Chilled Storage Period

Property P od 5d 10d 15d 20d 25d 30d
o CK A1364£0.022  A1314+003  A128+0.02° A126+£0020¢  A1214+003°9  A118+001%  A113+001°
Springiness  gy.70 B1.19 40.04° B114+£004°®  B111+002% B1.09+0025  B1044+002°¢ B101+0029%  B096+0.02°
(mm) SV-75  A129+£005%  A125+001%  A123+003%  A1214003%  A117+£001¢  A115+£0019 A110+0.03°¢
Shearing CK A7794+025¢  A923+0269  A980+£023¢  A1004+017°  A1039+£010° A11.99+007% 493140054
force SV-70  B306+017¢  P356+0.14d 8377 +0.14° B433+028° €357+£016¢ €340+023% €311 +0.149%
(N) SV-75  B329+0339 B3es+024°  B3g9+012b  B430+005P B449+0.10° B476+029° B3.62+0.12d

Different uppercase letters in the same column for the same parameter indicate significant difference (p < 0.05),
and different lowercase letters in the same row indicate significant difference (p < 0.05).

Shearing force is related to the tenderness and juiciness of muscle tissues, and it directly
affects the consumer acceptance of meat products [30]. During chilled storage, the shearing
force of three groups of scallop samples increased first and then decreased, and this trend
was closely related to the denaturation of myofibrillar proteins, the actions of endogenous
enzymes, and/or the microbial activity and its metabolites [31]. For CK samples, treatment
at 100 °C induced a large amount of weight loss (drip loss) and a decrease in the water-
holding capacity of scallop muscle tissues. This led to an increase in shearing force (tougher
texture) in the cooked muscle samples. By comparison, the SV-70 and SV-75 samples
exhibited significantly improved shearing force (tenderness). The SV treatments with
considerably milder temperatures limited the heat damage to the muscle proteins and
connective tissues, as well as reduced the liquid loss and water-soluble nutrients. Thus,
the textural properties were improved, compared with the conventional 100 °C cooking
process [32]. Additionally, SV heating provided a uniform and efficient transfer of heat
from outside to inside the muscle in a water bath and ensured the preservation of volatile
flavor compounds under vacuum packaging conditions.

3.5. MDA Content Analysis

As a secondary product of lipid oxidation, the content of MDA is commonly used
to reflect the development and degree of lipid oxidation in muscle products. The vari-
ations in MDA content in the scallop muscle samples during chilled storage are shown
in Figure 4. During the initial 0-15 d, the MDA content of all samples was relatively
stable. The MDA content significantly accelerated during the following 20-30 d of storage,
which suggests considerable lipid oxidation in muscle tissues during storage. The heating
treatments induced the dissociation of heme proteins and promoted the disruption of cell
membranes and the liberation of free iron. These changes advanced lipid oxidation in
muscle tissues during chilled storage [33]. As heating temperature and time increased, the
development of lipid oxidation in the muscle samples also increased, which in turn caused
undesirable changes in the texture, water-holding capacity, and nutritive values [34]. In
the current study, the mild SV treatments effectively hindered the lipid oxidation reac-
tion under the limited oxygen conditions during storage, compared with the CK samples.
Similar observations were also found in largemouth bass (Micropterus salmoides) [35] and
Segurerio lamb meat [12], in which samples were pretreated with the SV cooking treatments.
Diaz et al. [36] determined that the MDA value of SV-processed salmon was maintained
at 2.30 mg MDA /kg after 10 weeks of frozen storage, which was not sufficient to detect
rancidity in the salmon products. Bongiorno et al. [37] indicated that SV cooking at 85 °C for
10 min with salt brine resulted in being able to maintain the quality of mussels and extend
their shelf life to 21 days under chilled conditions, while the mussels cooked traditionally
(at 90 °C for 10 min) showed a shelf life of about 14 days. These findings suggest that the SV
cooking method significantly improved the oxidative stability of lipid species, compared to
the traditional cooking method.
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Figure 4. Changes in MDA content of scallop muscle with different treatments during 30 d of chilled
storage. Different lowercase letters in the same color for the same point plot indicate significant
difference (p < 0.05), and different uppercase letters in the same storage time indicate significant
difference (p < 0.05).

3.6. Volatile Organic Compound (VOC) Analysis

The changes in volatile organic compounds (VOCs) were investigated in the SV-75
samples (as representatives; SV-75-treated samples presented better stability than the other
samples) during chilled storage (Figure 5). The GC-IMS spectrum of the fresh scallop (raw)
was used as a reference, and it was deducted from the other GC-IMS spectra of the scallop
samples. In the plot (Figure 5A), the white color represents the same signal strength of the
VOCs; the blue color represents the lower signal strength of the VOCs; and the red color
represents the higher signal strength of the VOCs in the samples, compared with the fresh
scallop (raw). The results show considerable differences in the VOCs between the fresh
and cooked scallop samples, with no apparent differences between the CK-0 and SV-75-0
samples. This indicates that the SV cooking method effectively promoted the formation of
the VOCs (flavor compounds) in muscle tissues, which was similar to the 100 °C thermal
processing treatments. In comparison with the SV-75-0 samples, the composition and
content of the VOCs were greatly altered in the scallop samples (SV-75-30) after 30 d of
chilled storage, and this was likely due to the growth and reproduction of residual bacteria
and the hydrolysis of endogenous enzymes in muscle tissues during long-term storage [38].

The fingerprinting plot (Figure 5B) of the VOCs was generated to visualize the dif-
ferences between the different scallop samples. In this study, a total of 42 VOCs were
determined in the scallop samples, including 13 aldehydes, 6 alcohols, 3 ketones, 2 acetates,
1 amine, and 17 unidentified compounds (Table 2). Herein, aldehydes mainly resulted
from the oxidation of unsaturated fatty acids (such as valeraldehyde, heptyl aldehyde, and
caprylic aldehyde), triglycerides, and the degradation of several amino acids [39]. Since the
sensory threshold of aldehyde compounds is relatively low, they readily react with other
substances to advance the characteristic meat flavors [40]. Among the alcohol components,
saturated alcohols have high sensory thresholds and provide small contributions to the
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overall flavor, while unsaturated alcohols have lower sensory thresholds and present mush-
room and metal-like aromas. Their contribution to the overall flavor of meat products is
significant [41].
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Figure 5. Two-dimensional spectrum (A) and fingerprinting plot (B) of volatile organic compounds
in scallop muscle. Raw, fresh scallops; CK, scallop samples cooked at 100 °C for 10 min and stored
for 0 d; SV-75-0, SV-75-15, and SV-75-30, scallop samples cooked at 75 °C for 30 min and stored for 0,
15, and 30 d, respectively.

Compared with fresh samples, the contents of 3-pentanone, 1-butanol, and 1-octene-
3-ol significantly decreased in the cooked scallop samples (CK-0 and SV-75-0), due to the
thermal heating treatments. Compared with the CK-0 samples, the contents of ethyl acetate,
2-methylbutanol, 2-pentenal, and acetone were comparatively lower than in the SV-75-0
samples, which suggests the fruity aromas, fishy smell, and fat aroma were reduced in
the SV-cooked meat samples. In addition, the intensity of nonanal and ethyl acetate in the
SV-cooked scallop samples decreased with a prolonged storage period, and the contents of
trimethylamine, 2-hexenal, and 2-methyl butanol increased during 30 d of storage. These re-
sults indicate that the fruity, nutty, honey, and citrus aromas were weakened, while the fishy
and rancid odors developed during storage, and this was due to the deterioration in muscle
tissues caused by the specific spoilage bacteria and several endogenous cathepsins [42].
Overall, the changes in VOCs in the SV-75 scallop samples were relatively small during
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0 to 15 d of storage, which indicated that the quality of these samples was comparatively
acceptable and stable during this time frame. These results were in agreement with the
above TVBN, pH, and MDA results.

Table 2. The volatile organic compounds (except for the unidentified compounds) in scallop muscle

with different treatments.

Compounds Molecular Peak Intensity
Formula Raw CK SV-75-0 SV-75-15 SV-75-30
n-Nonanal (M) CoH;30 1356 + 143 b 1344 + 70 ° 1661 4 280 2 1146 £ 91° 581 4 65 ©
n-Nonanal (D) CyHy30 232 + 68 b 205 + 18 be 341 + 542 173 4+ 16 b¢ 69 + 34
Octanal (M) CgH140 868 + 74P 985 + 41b 1341 + 1402 1557 + 76 2 543 +14°¢
Octanal (D) CgHy40 171 +£23¢ 166 4 20 ¢ 302 £51P 409 + 432 70 + 64
Benzaldehyde (M) C;HO 449 4 67 bc 468 4 32 bc 367 +31°¢ 2008 4+ 53 2 570 4+ 41b
Benzaldehyde (D) C;HO 341 + 40P 170 + 15 ¢ 210 + 41 be 1399 + 107 2 195 4 13 be
Heptanal (M) C7H140 1176 = 129 b 902 4+ 55 b 991 +91b 1284 +912 372 £19°¢
Heptanal (D) CyH140 395 + 43P 210 £26°¢ 252 £50°¢ 552 + 843 38424
Hexanal (M) CgH1,0 1457 + 642 1082 + 57 1431 + 592 1632 + 252 364 + 28 ¢
Hexanal (D) CeH120 897 + 40P 492 4 58 ¢ 866 + 70 P 2268 4+ 139 2 92 +214
2-Pentenal (E) Cs5HgO 197 £192 48+6P 77 +1b 217 +26% 37+3b
Pentanal Cs5H;00 96 +13°¢ 187 +26° 150 +10° 270+ 102 22424
2-Hexenal (E) CeH100O 90 +11°¢ 60 + 5 58 + 14 139 + 14 192 +222
1-Pentanol (M) CsH;,0 380 £ 23P 335£20b 575 + 492 603 £ 512 188 +9¢
1-Pentanol (D) CsH;,0 48 +6P 37 £ 5bc 86+62 103 £112 23+1°
Ethanol C,HO 885 494 2 682 + 48P 797 + 223b 421 +£15¢ 223 +104
1-Butanol C4H;0 266 + 212 141 +10° 141 +9°b 131 £ 5b¢ 103 4+ 18°¢
1-Octene-3-ol (M) CgHi60 1877 + 462 1002 + 45 ¢ 1013 £ 98¢ 1466 + 50 ° 1092 + 57 ¢
1-Octene-3-ol (D) CgHi60 2233 + 1182 297 + 36 ¢ 310 + 63 b¢ 467 £56° 287 £24°¢
2-Methylbutanol CsH;,0 124 +23¢ 338 £ 16P 122 + 14°¢ 359 + 24P 479 + 322
3-Pentanone (M) CsH;00 336 4242 150 £ 7°¢ 180 +5° 174 + 2bc 60+ 74
3-Pentanone (D) Cs5Hy0O 418 + 822 69+7° 61+5¢ 174 +18° 25+ 54
Acetone C3HO 3713 + 682 1383 £90°¢ 720 + 44 4 2271+ 92b 2182 +44 b
Ethyl acetate (M) C4HgO, 246 4+ 52°¢ 692 + 722 396 + 54 b 420 +30P 118 + 174
Ethyl acetate (D) C4HgO, 4147¢ 354 +27b 87+194 157 £ 25°¢ 577 £ 602

Different letters in the same row indicate significant differences at p < 0.05.

4. Conclusions

The physicochemical quality and volatile flavor profile of scallop muscle cooked at
75 °C for 30 min were investigated during 30 d of chilled storage. The results show that
the physicochemical (TVBN content, pH, MDA content, and texture) and VOC contents of
scallop samples treated with traditional heating at 100 °C for 10 min (CK), SV cooking at
70 °C for 30 min (SV-70), and SV cooking at 75 °C for 30 min (SV-75) gradually deteriorated
with a prolonged storage period. Importantly, the SV cooking treatments significantly
improved the water-holding capacity of scallop samples, as indicated by less weight loss,
and maintained a higher MP extraction rate, compared with the CK samples. In addition,
there were no significant differences between the VOC contents of SV-75 and CK samples
after treatment. Here, the SV-75 samples effectively preserved the quality of half-shell
scallops and extended their shelf life to 15-20 d of chilled storage, compared with the
SV-70 samples. Scallop products processed by SV cooking and marketed under chilled
conditions may be a promising choice for “ready to cook” or “ready to eat” seafood, with
high nutritional value and flavor.
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Abstract: Baltic herring (Clupea harengus membras) pickled in vinegar is a common product in the
Nordic countries. Other weak acids are used to cook and preserve fish in other food cultures. The aim
of this study was to evaluate the potential of weak acids to produce safe and nutritious pickled fish
products with varying sensory properties. The influence of acetic, citric, lactic, malic, and tartaric acids
on the preservability and quality of pickled and marinated Baltic herring was studied by measuring
microbiological quality, pH, chemical composition, and lipid oxidation and by sensory profiling.
Pickling with these acids with pH levels of 3.7-4.2 resulted in pickled Baltic herring products with
high microbiological quality. The results of the chemical analysis of the samples indicated that
pickling and storage on marinade influenced the chemical composition of fish. The most significant
changes in chemical composition were the increase in moisture and decrease in protein content of the
samples during storage. Fat content decreased during the storage period in acetic acid and malic
acid samples. All tested acids inhibited lipid oxidation for one month, but at three and four month
time points, the content of oxidation products increased except in the samples pickled with tartaric
acid. The highest oxidation level was observed in the case of citric acid and the lowest with tartaric
acid. The results indicate that replacing acetic acid with other weak acids frequently used in the food
industry results in pickled and marinated fish products with novel and milder sensory profiles.

Keywords: pickling; fish; sensory profile; organic acids; chemical composition; lipid oxidation;
microbiological safety

1. Introduction

Globally, acid treatment is a widely applied method to both cook and preserve dif-
ferent types of fish products. Pickling with the help of acid and salt is among the oldest
preservation techniques for fish. The acid and salt treatment tenderizes the fish muscles
in a similar manner to heat and inhibits the growth of spoiling bacteria [1]. In Europe,
the most common acid used for producing pickled fish is acetic acid. Vinegar-based fish
pickled with various herbs, spices and other seasonings represent a wide range of products.
The preparation of canned Baltic herring (Clupea harengus membras) in Finland is based on
pickling the herring in acetic acid. Although vinegar is the most common added acidic
pickling agent, acidity can also be achieved through the production of acid by fermenting
acetic and lactic acid bacteria. Lemon and lime juice rich in citric acid are used in many

Foods 2022, 11, 1717. https:/ /doi.org/10.3390/foods11121717

https:/ /www.mdpi.com/journal/foods
197



Foods 2022, 11,1717

traditional fish recipes such as in the originally Peruvian dish, ceviche. In fermented fish
products, such as Swedish surstromming, lactic acid produced by lactic acid bacteria is the
source of acidity.

Under acidic conditions, the growth of food-borne pathogens and food spoilage
microbes is inhibited. Listeria monocytogenes is a food-borne pathogen that might cause
listeriosis, a disease that can even lead to death. [2]. The bacterium is ubiquitous in
the environment, with ready-to-eat (RTE) fish and fishery products being a particularly
potential vehicle for the microbes [3]. The growth of L. monocytogenes may vary depending
on the strain and matrix. In a broth media, the lower growth limit is at pH 4.04.3 [4].
Organic acids have been widely used in the food industry due to their antimicrobial
nature [5].

In addition to inhibition of bacterial growth, a low pH also changes the muscle struc-
ture as protein denaturation is dependent on the pH. Protein is most prone to denaturation
at a pH below or above the isoelectric point due to the increase in the net charge of the
protein, inducing protein-protein repulsion, and unfolding and swelling. The swelling of
the muscle tissue caused by a low pH is likely to increase tenderness [6,7]. At the isoelectric
point, protein is most resistant to denaturation [8]. Most previous studies on the acid
treatment of muscle foods using weak organic acids have only included comparisons of
different concentrations of the same acid [9-11], and/or the same concentrations of different
acids [9]; however, few studies have addressed the effect of different acids at a constant pH,
despite the significance of pH in the process.

The pickling and marinating process affects the texture of meat via the protein degrad-
ing enzyme activity. It has been shown that during the marinating process the amount of
nitrogen containing compounds decreases in Baltic herring fillets and carcasses, and primar-
ily increases in the marinating solution [12]. This indicates that there is some proteolytic
activity in the solutions during the pickling and marinating processes. The proteolysis
catalyzed by, e.g., cathepsin D may increase the tenderness [7]. Cathepsins, found in
lysosomes [8], are protein hydrolyzing proteases that break proteins down into smaller
molecules of nitrogen containing compounds such as amino acids. Cathepsin D, an aspartic
peptidase, is one of the most abundant cathepsin in lysosomes. It is stable at pH 3-5 [13,14]
and most active at pH 2—4 [15] and it has been found to be in an active form in brine after
marinating frozen-thawed Atlantic herring (Clupea harengus) for 7 days with a 5% acetic
acid [16]. Burke and Monahan [9] suggest that collagen solubilization also contributes to
tenderization after the marinating process and that there are two mechanisms by which
collagen molecules may solubilize. The first mechanism suggested is peptide bond hydrol-
ysis which increases as the pH decreases, and, thus, the collagen solubilizes. The second
mechanism suggests that collagen solubilizes through a breakdown of the cross-links that
are sensitive to pH, heat, or denaturing agents.

Dark-muscled fish such as Baltic herring are prone to oxidation due to the high content
of heme proteins, known to be significant endogenous pro-oxidants in fish [17]. Baltic
herring is high in polyunsaturated fatty acids (PUFA), with as high as approximately
one third of all the fatty acids being polyunsaturated [18,19]. Decreasing the pH of fish
can increase lipid oxidation due to the deoxygenation of hemoglobin via the Root and
Bohr effects, since deoxyhemoglobin is considered a better catalyst of lipid oxidation than
oxyhemoglobin [17]. Moreover, the treatment of fish with organic acids has even been seen
to produce a protective effect regarding oxidation [20,21].

Fish products pickled with vinegar have a characteristic flavor profile in which acidity
and vinegary flavor dominate. The pickling process has an effect on the formation of taste
and flavor compounds in the fish. Free amino acids produced by proteolysis may have
sweet, sour, bitter, and umami taste properties [22] that can affect the flavor properties of
the pickled and marinated herring products. Furthermore, the lipid oxidation products of
unsaturated fatty acids in fish contribute to the flavor. However, the research regarding the
sensorial quality of pickled Baltic herring products is limited. The topic has been studied
with, e.g., acceptance assessment [11,23], hedonic evaluation [24,25] and by using the “Just
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about right-scale” [25]. The sensory properties of traditionally pickled and marinated
Atlantic and Baltic herring have been studied by sensory profiling [26,27]. The traditional
flavor profile is preferred by certain consumer groups. However, the consumption of Baltic
herring has decreased by one third in the last 40 years. In order to obtain new consumers
for pickled Baltic herring, products with milder sensory properties might be attractive.

To summarize, the chemical, microbiological and sensory studies on the pickling of
fish have mostly been focused on pickling with acetic acid and the potential of other weak
acids commonly used in food production has not been systematically documented for
fish. The aim of this study was to evaluate the potential of food grade weak acids other
than the commonly used acetic acid in order to develop pickled Baltic herring products
with novel sensory profiles. The acids studied were citric, lactic, malic, and tartaric acid,
acetic acid being the reference. The quality and preservability of the samples were studied
by measuring the pH, composition, lipid oxidation, and microbiological quality and by
sensory profiling.

2. Materials and Methods
2.1. Raw Material and Sample Preparation

The skinned Baltic herring fillets were provided by Martin Kala Ltd. (Turku, Finland).
The fish were caught in the southern part of the Gulf of Bothnia on 27 October 2020 and
the skinless fillets were delivered to Camilla’s Fiskdelikatess Ltd. (Molpe, Finland) within
2 days of being caught and kept fresh on ice. Food grade acids, citric acid monohydrate,
malic acid, lactic acid, and tartaric acid (Vinoferm®, Brouwlan, Beverlo, Belgium), were
purchased from Juomatarviketukku Lappo Ltd. (Piikkid, Finland). Acetic acid (Berner Ltd.,
Helsinki, Finland) was provided by Camilla’s Fiskdelikatess Ltd.

The concentration and pH values of the acid solutions are presented in Table 1. The
suitable concentration for acetic acid, citric acid, lactic acid, malic acid, and tartaric acid for
the pickling and marinating solutions was determined by pre-tests, since the addition of
fish increased the pH. This is due to the different strengths and buffering capacities (ability
to maintain acidic pH after addition of the fish) of the organic acids. The aim was to achieve
a pH of <4 at the end of pickling. The target of pH < 4 was chosen since it is a typical pH
for fish preservatives treated with acetic acid, and is considered a safe pH with regard to
limiting the growth of food pathogens, including L. monocytogenes [5]. Sodium benzoate
was also added to the marinating solutions as a preservative.

Table 1. Concentration and pH values of the pickling and marinade solutions.

Concentration Concentration
Acid in Pickling in Marinade PicklirIiHSooflution pI:f ?iiﬁiind

Solution (g/L) Solution (g/L) & &
Acetic acid 50.0 0.67 2.40 + 0.00 3.85 + 0.01
Citric acid 20.0 0.17 1.90 + 0.01 3.63 £0.01
Lactic acid 20.0 0.16 2.10 + 0.01 3.56 £+ 0.01
Malic acid 20.0 0.14 2.03 +0.01 3.53 +0.01
Tartaric acid 21.5 0.11 1.78 £ 0.01 3.24 +0.01

The samples were produced at Camilla’s Fiskdelikatess Ltd., whereas the training sam-
ples for the sensory evaluations were prepared in the test kitchen of the Functional Foods
Forum, University of Turku (Turku, Finland) (ISO-8589:1988). The concentration of salt in
the pickling solutions was 5.0% (w/v). The concentrations of sugar and sodium benzoate
in the marinating solutions were from the commercial recipes of Camilla’s Fiskdelikatess
Ltd. The fish-to-solution ratio in the pickling solutions of the training and actual samples
was 1:1.4, and 1:1.5 (w/v), respectively, and in the marinating solutions of the training
and actual samples it was 1:1.2, and 1:1.3 (w/v), respectively. The pickling process was
conducted in 150 1 plastic barrels commonly used in the manufacturing of pickled herring
products. The pickling was conducted at 2-3 °C for 24 & 3 h. The fillets were removed

199



Foods 2022, 11,1717

from the pickling solution and placed on a grating to drain the excess solution. The fillets
were weighted down in glass jars with a grating to keep the herring under the marinade.
The marinade was added, and the jars were vacuum packed. The samples were kept sealed
at 3-6 °C until analysis. The samples were analyzed at 0, 1, 3, and 4 month time points after
preparation except for the sensory profile, which was created and reviewed twice after 0,
1, and 4 months, respectively. The 0 month’s analysis was started after the fish had been
pickled and placed in the marinating solutions.

2.2. Microbiological Quality

The number of L. monocytogenes from the fresh samples (at the time point 0 month)
was determined according to the qualitative method SFS-EN ISO 11290-1:2017 in an ac-
credited laboratory SeiLab Ltd. (Seingjoki, Finland). The horizontal method is used for the
detection and enumeration of L. monocytogenes and of Listeria spp. in food and feed [28].
The result was reported as found/not found per 25 g of the sample. At the time points
1 month and 4 months the number of bacteria was analyzed by the qualitative method
Vidas LMX (*) Vidas Express (LMX), ISO 11290-2:2017 in the accredited laboratory ScanLab
Ltd. (Ouluy, Finland). The result was reported as found/not found per 25 g of the sample.

The number of sulfite-reducing bacteria was determined according to the method of
the Nordic Committee on Food Analysis NMKL 56:2015 NMKL Method No. 56, 5. Ed., 2015
in ScanLab Ltd. (Ouluy, Finland). The result was reported as the number of viable anaerobic
sulfite-reducing bacteria per gram of the samples, i.e., the number of colonies forming units
per gram of sample (cfu/g). The results were expressed on a logarithmic scale.

The number of aerobic microorganisms at 30 °C were determined by the colony count
method according to the NMKL Method No.86, 5th Ed., 2013 used by ScanLab Ltd. The
result was reported as cfu/g expressed on a logarithmic scale.

The number of aerobic psychro-trophic microorganisms, the number of yeasts, and the
number of hydrogen sulfide-producing bacteria were determined in the Natural Resources
Institute Finland (Luke) (Ouluy, Finland). For all these analyses, 10 g of sample was mixed
with 90 mL of sterile Maximum Recovery Diluent (Lab M Ltd., Heywood, UK), and homog-
enized by a Bagmixer 400 (Interscience, Saint Nom la Bretéche, France) for 1 min. A ten-fold
serial dilution was also prepared with the same media. After incubation on the appropriate
agar under the microbial specific growth conditions the number of colonies on the agar
plates was counted. The result was reported as cfu/g expressed on a logarithmic scale.

The number of aerobic psychro-trophic microorganisms were determined by the
colony counting method according to the NMKL Method No.86, 5th Ed., 2013 in the
Natural Resources Institute Finland. Using this method, the dilutions of the samples are
pipetted into Petri dishes, and Plate Count Agar (PCA) (Lab M Ltd., Heywood, UK) was
poured into Petri dishes and the suspension was mixed. The plates were incubated under
aerobic conditions at 6.5 °C + 1.0 for 10 days.

The number of yeasts were measured by a dilution plating technique according
to the Nordic Committee on Food Analysis NMKL Method No.98, 4th Ed.,2005 using
oxytetracycline-glucose yeast extract agar (O.G.Y.E.) (Lab M Ltd., Heywood, UK). The
dilutions of the samples were spread on the O.G.Y.E. agar surface in Petri dishes. The agar
plates were incubated under aerobic conditions at 25.0 °C £ 1.0 for 5 days.

The number of hydrogen sulfide-producing bacteria were measured by Iron Agar
(Lyngby) (Oxoid Ltd., Hampshire, UK) with a 4% w /v solution of L-cysteine hydrochloride
monohydrate (Sigma-Aldrich, St. Louis, MO, USA). The media was prepared according to
the manufacturer’s instructions. The dilutions of the samples were spread on the Lyngby
agar surface in Petri dishes. The plates with Shewanella putrefaciens ATCC 8071 produce
black colonies and Pseudomonas fluorescens and ATCC 13525 which produces white colonies
on the Lyngby agar was used as the reference microorganisms. The agar plates were
incubated under anaerobic conditions at 25.0 °C 4 1.0 for 48 h. The black colonies, with
characteristics that were comparable to the colonies of S. putrefaciens ATCC, 8071 were
counted as hydrogen sulfide-producing bacteria.
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2.3.pH

The pH values in the solution of the canned samples were measured at 0, 1, 3, and
4 months. Measurements were conducted in duplicate from three different cans using a
FiveEasy pH meter equipped with an LE409-DIN electrode (Mettler Toledo, Columbus,
OH, USA).

2.4. Composition

The moisture and ash contents in the samples were determined by using a TGA701
Thermo-gravimetric Analyzer (Leco Corporation, St. Joseph, MI, USA). The TGA measured
weight loss as a function of temperature (105 °C and 650 °C for moisture and ash, respec-
tively) under controlled conditions, and automatically determined the moisture and ash
contents in the samples with the selected program. The nitrogen content was determined
with an in-house Kjeldahl method based on ISO 20483, ISO 5983-2 and AOAC 2011.11
methods by using a Kjeltec TM8400 analyzer (Foss Analytical Ltd., Hégands, Sweden). A
conversion factor of 6.25 was used to calculate total protein content. The total fat content
was determined using the SoxCap TM 2047 in combination with the Soxtec TM 2050 ex-
traction system (Foss Ltd., Hillerod, Denmark) with a preparatory acid hydrolysis step
and diethyl ether extraction according to ISO 6492. The total carbohydrate content was
calculated with the following formula:

carbohydrates (% fresh weight, FW) = 100 — moisture (%) — protein content (%FW) — crude fat (%FW) — ash (%FW). (1)

2.5. Lipid Oxidation

The effect of the different acids on lipid oxidation in the Baltic herring fillets was
assessed by measuring the thio-barbituric acid reactive substances (TBARS) in the fish
samples. The TBARS in the fish samples were measured after 0, 1, 2, and 4 months of storage.
Prior to the analysis, the Baltic herring samples were subjected to alkaline hydrolysis which
releases malondialdehyde (MDA) from proteins according to Mikinen et al. [29]. Briefly,
the samples were homogenized, and three 100 mg subsamples of each homogenized sample
were taken for alkaline hydrolysis. The hydrolysis was conducted by mixing the subsamples
with NaOH and incubating the suspensions in a 60 °C water bath for 30 min. After the
hydrolysis, the proteins were precipitated with sulfuric acid and trichloroacetic acid (TCA),
and supernatants were collected after centrifugation. The supernatants were then reacted
with thio-barbituric acid (TBA) to form MDA-TBA adducts with a pink pigment. Samples
were then analyzed with UHPLC at 532 nm. The concentration of MDA was calculated
using the MDA-TBA standard curve (12.5-800 uM). Samples were analyzed in triplicates.
Chromatographic analyses were performed in duplicate from each of the subsamples
(n > 6). Results are expressed as mean =+ SD.

2.6. Sensory Profile

The sensory properties of the pickled and marinated Baltic herring samples were
analyzed with a generic descriptive method. A panel (n = 10, 10 women) was recruited
from a group of trained sensory panelists. The panelists had previous experience in sensory
evaluation of various food samples, and the acuity of their senses had been evaluated. The
panel was then specifically trained in analyzing marinated Baltic herring samples during
four training sessions. The training of the panel at 0 month time point was done with
samples prepared earlier but with the same procedure as the actual samples (Table S1). Due
to the prevailing COVID-19 pandemic situation the training sessions were held with only
3—4 people present per session except at the 4-month evaluation where only 2 panelists
took part in the training simultaneously. A list of sensory attributes was created by the
sensory panel to describe the characteristics of the pickled herring samples. Suitable
reference samples were defined to reflect the corresponding sensory attributes and their
intensities. The attributes were evaluated on a scale from 0-10 verbally anchored at the
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ends (0 = not at all, 10 = very strong). The attributes and reference samples are presented
in Table 2.

Table 2. The attributes and reference samples used in the sensory profiling. The intensities on a scale
from 0-10 (0 = not at all, 10 = very strong) of the reference samples are in parenthesis.

Sensory Properties Attribute Reference Sample (Intensity)
Total intensity Verbal instructions
Sweet Felix American pickled cucumber (5)
Vinegar 1.25% (v/v) acetic acid (5)
Odor Fish Verbal instructions
Stuffy Verbal instructions
Rancid Verbal instructions
Metallic ! Verbal instructions
Text Crumbly Pirkka salad cheese, lactose free (9)
exture Moistness Pirkka salad cheese, lactose free (3)
Total intensity Verbal instructions
Sweet 2.0% (w/v) sucrose (5)
1 2% 1
Taste Salty 0.2% (w/v) NaCl (5)

0.1% and 0.2% (w/v) L-Glutamic acid monosodium

Umami salt monohydrate (5 and 8, respectively) 2
Sour 0.04% (w/v) citric acid (5)
Bitter 0.04% (w/v) caffeine (6)
Vinegar 0.63% (v/v) acetic acid (6)
Fish Verbal instructions
Flavor Stuffy Verbal instructions
Rancid Verbal instructions
Metallic Verbal instructions

1 Metallic odor was evaluated at 1 and 4 months. 2 0.1% (w/v) L-Glutamic acid monosodium salt monohydrate
was included as a reference sample of umami taste 1- and 4-month’s evaluations.

Sensory evaluations were carried out during four sessions in the sensory laboratory of
the Functional Foods Forum, University of Turku (ISO-8589:1988). The samples were coded
with random three-digit numbers and offered at room temperature in randomized order.
Compusense® Cloud software (Version 21.0, Compusense Inc., Guelph, ON, Canada) was
used for data collection. To confirm the safety of the products evaluated, the number of
L. monocytogenes, the number of aerobic microorganisms and the number of sulfite-reducing
bacteria (see 2.4. Microbiological quality) were determined before the time point of each
sensory evaluation to ensure the microbiological safety of the samples.

The first sensory evaluation at 0 months was held on day 6 after the pickling of the
herring. The 1- and 4-month sensory evaluations were carried out in a similar manner
after five and 17-18 weeks of the sample preparation, respectively. For the 1- and 4-month
evaluations, the same sensory panel was recruited, with nine of the ten panelists able to
participate at 1 month and six at 4 months. An additional sensory evaluation was held to
collect sufficient data at the 4-month evaluation. A training session was held before the
subsequent sessions in order to recall and discuss the attributes before the evaluations.

2.7. Statistical Analysis

Statistically significant differences between pH values were determined using IBM
SPSS Statistics 25 software and the statistical analyses for the chemical composition, lipid
oxidation, and sensory analyses were executed with IBM SPSS Statistics 27 (Armonk,
NY, The United States). The limit for the statistical significance level was set at p < 0.05.
Statistically significant differences between treatments were calculated with a one-way
analysis of variance (ANOVA) test and Tukey’s honestly significant difference post-hoc test.
Tamhane’s T2 post-hoc test was also used in the statistical analysis of the sensory analysis
depending on the equivalence of variance.
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Differences in pH values and sensory properties of each acid treatment between
the time points were tested with paired-samples t-test and repeated ANOVA measures
depending on the number of variables. Bonferroni and Sidak corrections were used to
correct the p-values. A paired samples ¢-test was conducted to compare the results of the
chemical analysis at different time points within the same acid treatment.

3. Results
3.1. Microbiological Quality

L. monocytogenes bacteria was not found in any samples tested. The detection limits
were 1 cfu/25 g of the sample. The number of sulfite-reducing Clostridia in all the tested
samples was below the detection limit of <10 cfu/g.

The number of aerobic microorganisms was generally very low in all the tested
samples (Table 3). The highest count was observed in the fresh (0 months) citric acid
(2.6 log cfu/g) followed by lactic acid (2.0 log cfu/g), malic acid (1.9 log cfu/g), and
tartaric acid (1.5 log cfu/g) samples. The acetic acid sample had the lowest bacterial count
(1.0 log cfu/g) of the samples tested. The number of aerobic microorganisms had already
decreased after one month of storage and remained low during the 4-month storage period.
The bacterial count was below the detection limit of <1.0 log cfu/g in the acetic acid and
tartaric acid samples. In the citric acid sample, the bacterial count decreased by 1 log, and
in the lactic acid and citric acid samples by 0.6 log.

Table 3. Aerobic microorganisms (cfu/g logjp) in the pickled and marinated fish fillet samples
determined at 30 °C after 0, 1, 3, and 4 months of storage.

Acid 0 Months 1 Month 3 Months 4 Months
Acetic acid 1.00 <1.00 nd. ! <1.00
Citric acid 2.58 1.00 nd.! 1.00
Lactic acid 2.01 1.40 nd.! 1.40
Malic acid 1.85 1.30 nd.! 1.30

Tartaric acid 1.48 <1.00 nd.! <1.00

T not determined.

The number of aerobic psychro-trophic microorganisms and the number of yeasts in
all the tested samples were below the detection limit of <10 cfu/g. The number of hydrogen
sulfide-producing bacteria in the fresh citric acid sample was 10 cfu/g. The number of
bacteria in all the other samples tested was below the detection limit of <10 cfu/g.

3.2. pH

The pH values of the canned samples at the different timepoints are presented in
Table 4. Despite the high pH of some of the marinade solutions (Table 1), a pH of <4 was
mostly achieved in the canned samples. With most of the acids, the pH increased slightly
over the first three months of storage.

Table 4. Measured pH values after 0, 1, 3, and 4 months of storage.

Acid 0 Months 1 Month 3 Months 4 Months
Acetic acid 3.78 + 0.06 2bA 3.83 4 0.03 abA 3.91 +0.03 2bA 3.80 4 0.08 Aa
Citric acid 4.02 4+ 0.04 €2 413 £0.05< 414 +0.08 €0 419 4 0.12 Cab
Lactic acid 3.96 4+ 0.02 €2 3.98 4+ 0.06 beA 412 4+ 0.04 P 4.09 + (.11 beAB
Malic acid 3.87 & 0.01 Ba 3.86 + 0.09 A 4.02 £0.055B 3934 (.04 2PAB

Tartaric acid 3.68 + 0.09 A2 3.79 4 0.17 Aab 3.92 +0.18 Ab 3.87 +0.12 Ab

27 Different letter indicates statistically significant difference between samples at each time point’s evaluation.
A-C Different letter within an attribute indicates statistically significant difference between each time point’s
evaluation of each acid sample.
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3.3. Composition

Initially, the moisture content was a little over 50% in all samples and gradually
increased during the 4-month storage to reach about 60% in the acetic acid and citric acid
samples and 56-58% in the other samples (Figure 1).
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Figure 1. Measured moisture content after 0, 1, 3, and 4 months of storage. Different small letters
within the same month and capital letters within the same acid indicate a statistically significant
difference on a 95% confidence level.

The changes in protein content in Baltic herring fillets during the marinating process
are shown in Figure 2. The initial protein content of the samples varied from 13.5% in the
acetic acid sample to 14.7% in the tartaric acid sample. All the acids had a significant effect
on the protein content from day 0 and this further increased during the storage in marinade.
After the 4 months storage period the protein content levels decreased most significantly in
the acetic acid sample, which went down to 7.8%; in comparison the protein content of the
malic acid and tartaric acid samples remained highest, 12.9 and 12.6%, respectively.
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Figure 2. Measured protein content after 0, 1, 3, and 4 months of storage. Different small letters
within the same month and capital letters within the same acid indicate a statistically significant
difference on a 95% confidence level.

204



Foods 2022, 11,1717

The carbohydrate content of the samples was approximately 30% in the samples

immediately after the sample preparation and decreased slightly during the storage period
to 26-28% in all the samples (Figure 3).
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Figure 3. Calculated carbohydrate content after 0, 1, 3, and 4 months of storage. Different small letters
within the same month and capital letters within the same acid indicate a statistically significant
difference on a 95% confidence level.

The fat content of the Baltic herring fillets samples on the different timepoints are
presented in Figure 4. At the beginning of the storage period, the fat content of the fillets
was approximately 3% and decreased during the storage in all the samples except the lactic
acid sample. The natural variation in the fat analyses was high. In the acetic acid samples,
the fat content decreased the most, from 3.2% to 1.4%.
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Figure 4. Measured fat content after 0, 1, 3, and 4 months of storage. Different small letters within the
same month and capital letters within the same acid indicate a statistically significant difference on a
95% confidence level.
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3.4. Lipid Oxidation

Fish fat is a highly specific nutritious element, due specifically to its high content of
PUFAs. MDA has been widely used to represent the degree of lipid oxidation in various
meat products. The production of MDA occurs in the second phase of lipid oxidation,
during which peroxide is oxidized to aldehydes and ketones [30]. In the present study, we
measured how the different acids used in the marinade affect the content of MDA in the
Baltic herring fillets during four months of cold storage (Figure 5).
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Figure 5. MDA content of the pickled and marinated Baltic herring fillets measured after 0, 1, 3 and
4 months in cold storage. Different small letters within the same month and capital letters within the
same acid indicate a statistically significant difference on a 95% confidence level. Dm = dry matter.

The initial concentration of MDA in the Baltic herring fillets immediately after prepa-
ration varied from 1.0 & 0.1 uM/g dry matter (dm) to 1.3 £ 0.1 uM/g dm; the lowest
content was detected in the fillets in the citric acid marinade and the highest value in the
fillets in the acetic acid marinade (Figure 5). The MDA content remained at the same level
until after 1 month of cold storage, with all tested acids showing no statistically significant
differences between the 0- and 1-month time points. However, the MDA levels increased
significantly in all the tested acids when the storage period continued to 3 and 4 months
except for tartaric acid (Figure 5, p < 0.05). After 3 and 4 months of cold storage, the
citric acid marinated fillets were evidently the most oxidized sample. The highest MDA
level (2.1 & 0.2 uM/g dm) was observed after 4 months of cold storage in Baltic herring
filets marinated with citric acid. After the 4 months of cold storage, Baltic herring fillets
marinated with citric acid showed a significantly higher MDA level in comparison to all the
other tested acids (Figure 5, p < 0.05). After 3 months of cold storage, the MDA content in
the Baltic herring fillets marinated with citric acid was significantly higher in comparison
to the filets marinated with tartaric and malic acid (p < 0.05). After 3 and 4 months of cold
storage, Baltic herring fillets marinated with tartaric acid showed the lowest MDA con-
tent, but the difference in comparison with the other acids was not statistically significant
(p > 0.05).

3.5. Sensory Profile

The sensory panel evaluated the sensory properties of the five Baltic herring products
at three time points at 0, 1, and 4 months. Their odor, texture, taste, and flavor properties
were evaluated using 20 sensory attributes. The panel recognized seven odor attributes,
two texture attributes, six taste attributes, and five flavor attributes. The odor attributes
were total intensity, sweetness, vinegar, fish, stuffy, rancid, and metallic. Texture attributes
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were crumbliness and moistness. Taste attributes were total intensity, sweetness, saltiness,
umami, sourness, and bitterness. Flavor attributes were vinegar, fish, stuffy, rancid, and
metallic. The differences between sensory characteristics of the samples can be seen in
Table 5.

Table 5. The means and standard deviations of sensory attributes of Baltic herring pickled and
marinated in different weak acids after 0, 1, and 4 months of storage evaluated on a scale from 0-10
(0 =notat all, 10 = very strong).

Attribute 1 Months Acetic Acid Citric Acid Lactic Acid Malic Acid Tartaric Acid
0 744 183A 464+ 1.8bA 5.4+ 1.5bA 484 15bA 5.7 +1.7bA
O_total 1 8.4 +092P 474 15b4 5.5+ 1.6 A 5.4 +1.1bA 60+15¢A
4 8.1+ 1.42AB 4941404 5.5+ 1.7bA 5.0+ 1.6PA 5.7 +1.3bA
0 24+ 1534 1.9+ 1.524 1.7 +1.2924 1.6+ 1.5 1.8+ 1.5
O_sweet 1 2341234 1.9 + 1324 20+ 1.634 21+ 1.634 1.9 +1.82A
4 29+223A 22+1434A 24+ 1737 21+173A 2.7+1534A
0 6.7 +2.823A 2.0+£200A 2.0+£240A 1.9 +19bA 1.9 +19bA
O_vinegar 1 8141228 1.6 +13bA 2.0+ 1.7bA 24+18bA 25+22bA
4 8.6 + 1.0 3AB 3.0+21bA 3.7 +23bA 2.7 £22bA 32+22bA
0 3.1+20834A 34+223A 42 +228A 43 +223A 46+ 2534
O_fish 1 2741434 35+ 1.9abA 43+ 1604 4041504 4341504
4 25+ 1.634 4141704 48+ 1.8bA 4941604 5.0+ 1.6PA
0 1.3+ 1824 2042334 1.7 £ 2334 1.7 +£2.024 2042237
O_stuffy 1 0.4 +0.624 21+19bA 1.7 +15bA 124 1.10A 1.8 4+ 1.6 A
4 124154 21+1734A 22+ 1834 1.8+ 1524 20+ 1334
0 09+212A 1.7 + 2424 1.7 +2.624 21+2624 2242924
O_rancid 1 1242324 2342534 2442434 2042234 2342334
4 0.5+1.1%4A 2.0 £25% 1.7 £1.734 1.7 £1.934 2.0 £2.2%
O metalli 1 0.8+092A 13+ 124 1.1+1.24 1.6+ 1124 1.8+ 154
—metatiic 4 1.6+ 1824 19+ 1724 2242023 21 +1923A 20+ 1134
0 8.0+ 1.93A 5.4 +19bA 6.2 +1.9bA 6.3 +1.8bA 6.4 +1.8bPA
Tx_crumbly 1 9.4 40928 7.5+ 1.7bB 7.5+ 1.6bB 72+1.604 84+1.1°B
4 9.9 +0.32C 9.3 +0.7bC 9.4 +1.12C 8.8+ 1.2bB 9.2 +1.12bB
0 70+132A 5.4+ 1.4bA 5.1+ 1.4bA 5.7+ 1.4bA 5.4+ 15bA
Tx_moistness 1 73+182A 5.8+ 1.5bPA 5.5 + 1.5 PAB 58+ 1.1bPA 6.4+ 1.72bB
4 7.7 +2.023A 6.6 +2.03A 6.6+ 1928 6.3 +203A 6.2 + 1.9 2AB
0 8.7 £0.52A 5.7 +1.2bA 5.7 +1.1bA 6.1+09bA 62 +1.0bPA
T_total 1 9.0 + 0.52AB 5.8+ 1.0PA 6.0+ 1.1bA 5.6+ 1.2bPA 6.2 £1.4 PAB
4 9.340.72B 6.6+ 1.2bB 6.5+ 1.2bA 6.0+ 1.6P4 7.0+ 1.3bB
0 41+233A 52+ 2123A 54+2023A 51+193A 54 +233A
T_sweet 1 3242124 50422237 4442237 4942127 4942427
4 4742337 6.2 +2123A 6.2 +2023A 6.1+2023A 6.1+242A
0 1.9 +1.72A 1.9 + 1524 1.9 +1.92AB 20+ 1.624 20+17234
T_salt 1 1.9 +2124A 1.6 + 1524 15+ 1524 19+ 1924 1.8+ 1924
4 2542634 3.0+ 2534 3.1+2328 3.0+ 2324 3142324
0 08+132A 14+ 1624 14+ 1624 14+ 1524 11 +1324
T_umami 1 1.0+ 1.424 1241424 1.5+ 1.724 1341324 1.8+ 1.824
4 0.7 +1.024A 1.0+ 1.124 1441324 13+ 1424 1.1+ 1.294
0 6.3 +132A 3.0+1.3bAB 29+ 13bA 32+ 1.604 3.6+ 1.5bA
T_sour 1 6.9+ 1534 2.7+ 1504 2.8+ 1404 3.0+1.2bA 35+ 1.3bA
4 7.6+ 1.1 4142.1"bB 4042104 42421bA 5.3+ 2.1bB
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Table 5. Cont.

Attribute 1 Months Acetic Acid Citric Acid Lactic Acid Malic Acid Tartaric Acid
0 12+ 1324 09+212A 08+192A 09+192A 12+1924A

T_bitter 1 1.8+ 0924 1.6 +2.124 2.0+ 1.53AB 1141724 1.8+2124
4 1.5+ 1.024 1.9 £ 22024 2.6+222B 1.7 +1.924 25+193A

0 8.0+1.12A 34+1.1b4 2.7 +1.5PAB 39+13bA 3.8+ 1504

F_vinegar 1 85+ 1.73A 29+ 1.604 23+1.8bA 33+1.1bA 3.7 +15bA
4 9.0+ 1524 39+22bA 424 25bB 3.6+ 1404 5.1+ 2.1bA

0 3241534 4641704 4741704 484+ 1.8bA 4842004

F_fish 1 28+ 14234 4241604 4241704 4341504 434+1.8bA

4 29414234 4841304 5.1+ 1.604 5.0+ 1.3bA 4841404

0 0.6 +132A 1.0 + 1524 09+1624A 14 +220A 1.1+ 1424

F_stuffy 1 0.7 + 1224 12+182A 1.5+ 1224 1.1+182A 1.7 2.4 248
4 0.7 +122A 1.8 +1.82PA 2.1+202b4 1.4 +1.40°bA 2.7+2.1bB

0 05+1524 1.6 + 23234 1.7 £ 254 12 +2124 2.1+302A

F_rancid 1 1242024 1542024 1.9 4+ 2224 1.9 £ 2224 2.1+223A
4 1.1+ 1324 1.7 +1.824 25+ 2034 15+ 1.824 2.6+ 223A

0 1.0 +1.324 1.4+ 1424 1.9 +£1.92bA 2.1 +202bA 24+1.8bA

F_metallic 1 14+1.228 1.9 +1.52bA 2.7 +1.8bA 1.9 +1.62PA 2.7 + 1.6 PAB
4 2.7 +1.92bB 2.9+ 1.82bB 3.8+ 1.82bB 264+ 1.824 414 1.8bB

10 = odor, Tx = texture, T = taste, F = flavor. < Different letter indicates statistically significant difference between
samples at each time point’s evaluation. A~C Different letter within an attribute indicates statistically significant
difference between each time point’s evaluation of each acid sample.

During the 4 months of preservation, there were statistically significant changes
between the samples in 12 of the twenty sensory attributes: total intensity of odor and taste,
vinegary and metallic odor and flavor, crumbly and moist texture, salty, sour, and bitter
taste, and stuffy and metallic flavor. There were no differences between the samples at any
point in eight of the sensory attributes: sweet, stuffy, and metallic odor, sweet, salty, umami,
and bitter taste, and rancid flavor.

The acetic acid sample was clearly stronger than most of the other samples in total
intensity of odor and taste, vinegary odor and flavor, sour taste, and crumbly texture. The
differences were significant at all time points. The crumbly texture was more intense in the
acetic acid sample than in the other samples after 0 and 1 months of storage. It was more
intense in the acetic acid sample compared to the citric acid and malic acid samples after
4 months of storage. The intensity of the crumbly texture was above 9 in all samples except
the malic acid sample after 4 months of storage. Although the fishy odor and flavor were
recognized in all the samples, the acetic acid sample was noticeable as being the mildest in
these attributes during the whole study. The tartaric acid sample was significantly stronger
in total intensity of odor compared to the citric acid sample and in crumbliness compared
to the malic acid sample after 1 month of storage. The tartaric acid sample was significantly
stronger in metallic flavor compared to the malic acid sample after 4 months of storage.

The sensory quality changed during the preservation. The lactic acid sample had the
greatest number of sensory attributes that changed during the 4-month storage period.
In the lactic acid sample seven of twenty sensory attributes had statistically significant
differences in intensities when comparing the sensory evaluations over the different months;
metallic odor and flavor, crumbliness and moistness of texture, salty and bitter taste, and
vinegary flavor and their intensity had increased over time. In contrast, in the malic acid
sample the only sensory attribute that changed over time was its increasing crumbliness.
The crumbly texture was the only attribute that changed in all the samples over time.
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4. Discussion

The influence of acetic, citric, lactic, malic, and tartaric acids on the preservability and
quality of pickled and marinated herring was studied by measuring the microbiological
quality, pH, composition, and lipid oxidation and by sensory profiling.

Organic acids are weak acids and vary in strength (pKa). For instance, acetic acid has
a pKa of 4.76, making it a weaker acid than most other organic acids, such as tartaric acid
(pKa =2.98) or lactic acid (pKa = 3.86). The pKa is determined by the degree of dissociation
in water and therefore the pH for a certain concentration of an acid [31]. However, different
muscles vary in their buffering ability, i.e., their ability to resist the change of pH upon
the addition of acid (or base) [32]. Due to the different buffering abilities of the acids, the
acid concentrations in the pickling and marinating solutions varied as pH level in this
study was aimed at 4. Since the differences between the samples regarding pH at the
end of the pickling and marinating were so small, it seems likely that the acid accounts
for the differences in the results of chemical analyses rather than the pH and different
acid concentrations.

Food intended for human consumption must be microbiologically safe. According
to the results the microbial quality of all the tested products was excellent in respect of
both food-borne pathogens L. monocytogenes and the sulfite-reducing Clostridia and the
food spoilage microbes including yeasts, aerobic mesophilic and psychro-trophic microor-
ganisms and hydrogen sulfide-producing bacteria. This was expected due to the low pH
(pH < 4.2) of the samples. In the weak organic acids used in our study, pH is considered
the determining factor in their antimicrobial effects, since it is connected to the degree
of dissociation. The suggested mechanism behind this effect is that, in an undissociated
form, acids can pass through the bacterial cell wall, and in the neutral cytoplasm of the cell
dissociate into H* ions and anions, both of which can be detrimental to bacteria [31].

In addition to low pH, other environmental factors, including NaCl content, water
activity, and storage temperature affect microbial growth. In this study, the effects of the
aforementioned factors on microbial growth were not studied.

Pickling and storage in a marinade has an effect on the chemical composition of fish. In
this study, the moisture content of the Baltic herring fillets increased, while both the protein
and fat content decreased during the 4-month storage. This is in contrast to the results
reported in previous studies [15-17]. This is probably due to two reasons: the low salinity
of the pickling solution in the pickling procedure and the complete absence of salt in the
marinade solution. The salinity of the water affects the solubility of the proteins. At low
concentrations (<5.8%, here 5%) the proteins swell, and their solubility increases. [33-35] As
a result, salt and water are absorbed into the muscle and soluble proteins and non-protein
nitrogen compounds diffuse into the surrounding solution [12].

During the pickling and marinating processes, acid diffuses into the fish muscle,
lowering the pH and causing protein denaturation and lower water absorption [17]. If the
pH of the pickling solution is low and, thus, the pH of the muscle tissue is on the acidic side
of the isoelectric point, it results in electrostatic repulsion of actin and myosin filaments,
which causes an open structure in the muscle tissue and increases the water retention.
However, when the salt content increases further, the repulsive charges are shielded, which
lowers the water retention capacity. Therefore, salt is needed during the pickling and
marinating process, as the use of too low salt content results in soft fillets [36]. In future
studies and product development the optimal level of salt in the pickling and marinating
solutions should be carefully adjusted.

Despite a direct comparison of the MDA levels of the marinated Baltic herring fillet with
those in the literature being difficult, due to the different methods and units used, the levels mea-
sured in this study were in the same range as the literature. Halamickova and Malota [37] mea-
sured the level of TBARS in marinated Atlantic herring muscles collected in a market. The lowest
TBARS levels were in warm baked marinades (1.17 £ 0.40 mg MDA /kg muscle) while the high-
est TBARS levels were observed in warm cooked marinades (16.48 4= 4.22 mg MDA /kg muscle).
The MDA levels of Baltic herring fillets in our study after four months of storage varied from
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1.0 £ 0.1 uM/g dm-2.1 £ 0.2 uM/g dm corresponding to approximately 4-8 mg MDA /kg
muscle, which is the same level as the warm baked marinated Atlantic herring [37].

Baltic herring is rich in PUFAs which are susceptible to oxidation. The risk of oxidation
is further increased due to the high content of pro-oxidative heme proteins found in the
muscle of this species [38]. The results of our study indicate that all the acids tested are
able to maintain the commercial quality of Baltic herring fillets for four months in terms
of oxidation. However, the differences between the acids are significant, highlighting the
need for careful selection of the acid to be used in preservation. The possible pro-oxidative
effect of citric acid requires further studies.

Pickling and marinating with different weak acids resulted in different products in
terms of the sensorial quality. The samples pickled and marinated with citric, lactic, malic,
and tartaric acid did not have any differences in the intensities of the sensory attribute at
the beginning of the storage, whereas the acetic acid sample was noticeably different from
the other samples in nine sensorial properties. These were total intensity of odor and taste,
intensity of vinegary odor and flavor, crumbly and moist texture, sour taste, fishy flavor,
and metallic flavor. Later during the storage, the same attributes, apart from moist texture,
continued to demonstrate differences between the samples.

The sensory attributes indicated that the strong and distinctive vinegary character
of acetic acid dominated in the sample pickled and marinated in acetic acid. The strong
vinegary odor and flavor as well as the sourness identified in this sample may have
suppressed other sensory properties of the pickled fish. The dominating sensory attributes
in the other samples were the total intensity of odor and flavor, a fishy odor and a flavor
and sweet taste, as well as a crumbly and moist texture. However, the intensities of these
attributes were not strong. These results clearly indicate that by replacing acetic acid with
other weak acids frequently used in food industry, pickled and marinated fish products
that have novel and milder sensory profiles can be produced.

In the sensory analysis, the crumbliness of the texture of the samples increased. The
intensity of the crumbly texture was already significantly higher in the acetic acid treated
sample at the beginning of the storage compared to the other samples. The intensity of
crumbliness increased throughout the study in all the samples but at different rates: in
acetic, citric, or lactic acid treated samples the crumbliness increased steadily throughout
the study, whereas in the sample treated with malic acid the significant increase took place
only between 1 and 4 months and in the sample treated with tartaric acid between 0 and
1 month. The development of crumbliness was most likely due to the changes in the protein
structure and solubility. There was also a trend for the moist texture in all the samples to
increase in intensity, although not all of them showed a significant increase. This, together
with the chemical analysis, indicates that during marination several processes caused by
the pH and the salt content affect the moisture of the meat. However, the current data
is not sufficient enough to identify a causal relationship between chemical analysis and
sensory data.

No statistically significant indication on the development of a rancid odor and flavor
was detected in the sensory evaluations despite the chemically measured increase of
MDA in the samples. This was the case especially in the citric acid sample. Refsgaard
et al. [39] found that the metallic flavor of cooked salmon correlated with hexanal, a main
oxidation product of linoleic acid. The sample pickled and marinated in citric acid showed
a statistically significant increase in the intensity the metallic flavor. However, the intensity
of the metallic flavor also increased in all the other samples except the sample pickled and
marinated in malic acid, although it also showed oxidation over time. The sample pickled
and marinated in tartaric acid did not show any oxidation over time. Therefore, it is likely
that the levels of MDA formation measured by chemical analyses are not reflected in the
sensory quality.

Sensory profile studies of pickled or marinated herring are very limited. However,
Nielsen et al. [26,27] studied the sensory properties of Atlantic and Baltic herring pickled
in acetic acid. The sensory attributes of the profiles are similar to those of this study. The
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attributes in the studies described the sweetness and saltiness of the marinade, the sour
and vinegary properties of acetic acid, as well as the fishy and metallic odor and flavor of
herring. Rancidity was also included in the sensory attributes. Texture properties were
also evaluated with the following attributes: firmness, elasticity, fatty mouth feel, juicy,
and gritty. The texture properties in this study were evaluated with only two attributes
describing the fracturability and moistness of the samples. However, the previous studies
also included samples with Atlantic herring which contains more fat and can be larger in
size than Baltic herring. This affects the descriptors in the sensory profile. Furthermore, the
pickling process was different between this and the previous studies; this study utilized a
considerably lower level of salt which was most likely the reason for the crumbly texture.

5. Conclusions

In conclusion, pickling with citric, lactic, malic, and tartaric acids in addition to
acetic acid with pH levels of 3.7-4.2 resulted in pickled Baltic herring products with high
microbiological quality similar to the traditional pickling with acetic acid. The results of the
chemical analysis of the samples indicate that pickling and storage in marinade influenced
the chemical composition of fish, e.g., by increasing the moisture and decreasing the protein
content of the samples. Fat content decreased during the storage period in acetic acid and
malic acid samples, and minor lipid oxidation took place especially in the citric acid sample.
The flavor profiles of the samples other than the acetic acid sample were mild, especially
in sourness and vinegariness. The fishy odor and flavor were perceived more strongly in
citric, lactic, malic, and tartaric acid samples compared to the acetic acid sample. Overall,
the results indicate that Baltic herring pickled and marinated in other food grade organic
acids than the traditionally used acetic acid resulted in preservable fish products with novel
and milder sensory profiles.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/foods11121717/s1, Table S1: Concentration and pH values of pickling and marinade solutions
of training samples of 0 months’ sensory evaluation.
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Abstract: In order to estimate the effects of high hydrostatic pressure treatment at 400 MPa for
0 min and 10 min (HHP-0, HHP-10) and high hydrostatic pressure in combination with sous-vide
treatment (HHP-0+SV, HHP-10+SV) on the quality of largemouth bass stored at 4 °C for 30 days, the
physicochemical changes were evaluated by microbiological determinations, pH, sensory evaluation
and texture analysis, and the flavour changes were analysed by solid-phase microextraction—-gas
chromatography-mass spectrometry (SPME-GC-MS) and amino acid automatic analyser. The results
show that HHP-0+SV and HHP-10+SV treatment effectively inhibited microbiological growth and
attenuated physiochemical changes (pH, sensory evaluation, flesh and texture) of largemouth bass
fillets. HHP+SV treatment prolonged the storage period of largemouth bass fillets for 24 days. The
content of total free amino acids in control (CK) samples was high, but HHP+SV treatment caused
the loss of free amino acid content. Especially when stored for 30 days, the total free amino acid
content of HHP-0+SV and HHP-10+SV was only 14.67 mg/100 g and 18.98 mg/100 g, respectively.
In addition, a total of 43 volatile compounds were detected and elucidated, among which hexanal,
heptaldehyde, octanal and nonanal showed a decreasing tendency in HHP groups and an increasing
trend in HHP+SV groups throughout the storage.

Keywords: high hydrostatic pressure; sous-vide; sensory; storage; largemouth

1. Introduction

In many places, especially in coastal areas, fish is considered to be an excellent source of
nutrition, containing more proteins than other animals [1]. Largemouth bass (Micropterus
salmoides) is native to north America. Compared with other farmed fish, it is one of the
most commercial fish [2]. Protein, vitamins (including vitamin A, B2, B6) and minerals
(such as iron, calcium, potassium) are abundant in largemouth bass [3]. In recent years, the
intake of fish has been linked with potential health benefits that can help people prevent a
variety of diseases. Nowadays, there is a greater focus on safe pretreatment methods in
order to keep the original flavour and nutrition of the food to the maximum extent. For
example, pretreatment such as ultrasonic and HHP.

Foods 2022, 11, 1931. https:/ /doi.org/10.3390/foods11131931
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Since consumers prefer ready-to-eat products that are as natural as possible and have
sufficient shelf life, it is important to consider appropriate minimal processing without alter-
ing the content and bioavailability of major nutrients [4]. In this sense, HHP, a non-thermal
technology, seems to be a promising technique for preserving heat-sensitive compounds
(for example, aldehydes, pyrazines and furans) and maintaining sensory quality such as
colour, as well as inactivating microorganisms and enzymes [5,6]. HHP (100-800 MPa) has
been shown to inactivate a wide range of microorganisms and endogenous enzymes while
retaining the sensory properties and nutritional value of food [7,8]. Ye et al. [9] reported the
effect of high-pressure treatment (300 MPa/20 min) on crab meat during storage at 4 °C,
and indicated that the total viable counts (TVC) (5.71 log10 CFU/g) were still below the
limit (6 log10 CFU/g) on day 8. Lin et al. [10] found that HHP could reduce the bacterial
load and retard TVBN production, in addition, HHP conditions of >400 MPa for 3 min sig-
nificantly extended the shelf life of hard clams during refrigerated storage. Kim et al.’s [11]
results suggested that HHP treatment would be useful for inhibiting the activity of urease,
thereby reducing the fishy smells from fish. However, expensive equipment and limited
inactivation of spores are major restrictions to the widespread application of HHP [12].

SV temperature cooking is a food preparation process of heating samples for a long
time at a lower temperature [13]. The food is heated to the central temperature of 58-95 °C
in a vacuum sealing system. Compared with traditional cooking methods, this method
is characterized by less efflux of soluble nutrients [14]. The sample is vacuum-packed in
cling bags before heating, which reduces oxidation and prevents cross contamination. The
reported advantages of using SV are the reduction of cooking losses and lipid oxidation
while enhancing colour and flavour [15]. In addition, SV can improve meat tenderness [16].
Jiang et al. [17] showed that during long-term thermal processing, SV could significantly
reduce the level of protein oxidation and fat oxidation, and effectively preserve the flavour
and nutrition of braised meat. The cooking yield of poultry meat processed by the SV
method (88.5%) was higher than that by the traditional steaming method (71.0%). The meat
was found to be redder (a* values of 2.54 and 0.74, respectively) and less yellow (b* values
of 15.12 and 16.49, respectively), as well as more tender [18].

Two emerging technologies, HHP and SV are regarded as effective and economical
methods. The utilization of HHP or SV alone to effectively control food spoilage has been
widely reported. However, reports are rare exploring the effects of HHP combined with SV
on largemouth bass as far as we know. In this study, the effects of HHP and HHP+SV on
the quality of largemouth bass were evaluated by measuring the indexes of microorganism,
pH value, sensory, colour, texture, GC-MS and FAA.

2. Materials and Methods
2.1. Raw Materials

Cultured largemouth bass (weight of 0.38 + 0.07 kg) were originated from Wuhan, and
subsequently transported to the slaughter room alive in plastic bags filled with crushed ice
within an hour. After stunning, the scales were removed. The whole bass were immediately
washed with sterile water, and then cut into similar-sized fillets (about 7 cm x 5 cm X 2 cm).
Fillets were randomly divided into five groups, and then fillets were subjected to HHP and
SV pretreatments. Then, the fish fillets were drained, packaged separately in high-density
polyethylene bags and stored at 4 °C. Three samples of each group were selected randomly
for detection and analysis at day 0, 6, 12, 18, 24 and 30 of the storage.

2.2. SV Cooking

The vacuum-packed fish fillets were immersed in a constant temperature water bath
(DF-101S, Zhengzhou Great Wall Technology Industry and Trade Co., Ltd. Zhengzhou,
China), which contained 1.3 L distilled water that was pre-heated to 90 °C. The cooking
process was ended until the core temperature of samples reached 90 £ 5 °C. In the light of
pre-experiments, the cooking time was 15 min. Then the samples were immediately cooled
to 7 £ 2 °C in an ice water bath.
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2.3. HHP and SV Treatment

The treatment of the packaged fish fillets was implemented using high hydrostatic
pressure equipment (HPPL2-600 MPa/2L, Tianjin Huatai SenMiao Biotechnology Engi-
neering Limited by Share Ltd., TianJin, China). High hydrostatic pressure treatments were
performed at 400 MPa for different times. High hydrostatic pressure treatment was to place
the packaged bass slices in the high hydrostatic pressure chamber (1 L) with water as the
medium (25 °C), and keep them for a certain time when the pressure reached 400 MPa
(30 s). There were three replicates for each treatment, and 300 g bass slices were used in
each replicate. After HHP treatment, SV treatment was carried out according to Section 2.2.
Fish fillets were subjected to four kinds of treatment.

(1) High hydrostatic pressure treatment at 400 MPa for 0 min. (HHP-0)

(2) High hydrostatic pressure treatment at 400 MPa for 10 min. (HHP-10)

(3) High hydrostatic pressure treatment at 400 MPa for 0 min in combination with sous
vide. (HHP-0+SV).

(4) High hydrostatic pressure treatment at 400 MPa for 10 min in combination with sous
vide. (HHP-10+SV).

2.4. Microbiological Determinations

A total of 10 g sample was added into 90 mL 0.85% sterilized physiological solution and
the mixture was homogenized for 60 s. The microbiological evaluations were performed
based on the work of Rezaeigolestani et al. [19], where serial ten-fold dilutions were made
with sterilized physiological saline solution and 1 mL of the appropriately diluted sample
was poured onto total viable counts (TVC) (enumerated on plate count agar (PCA) and
incubated for 72 h at 30 °C).

2.5. pH

The pH value was recorded on a pH meter (FiveEosy, Mettler-Toledo company, Shang-
hai, China). Fish muscle (10 g) was thoroughly homogenized with 100 mL distilled water
and soaked for 30 min, then filtered to determine the pH.

2.6. Sensory Evaluation

According to the description of Liu et al. [20] with some modifications, sensory anal-
ysis of flesh colour, texture, taste and aroma was conducted on a ten-point scale, com-
pleted by eight experienced panellists (four females and four males, 20 to 35 years old),
in which a score of 8.0-10.0 indicated good quality, 6.0-8.0 indicated acceptable quality,
4.0-6.0 indicated unacceptable quality, and 1.0-4.0 indicated an intense dislike.

2.7. Texture Analysis

Texture profile analysis was measured using a Texture Analyzer (Ta. Xt 2i/50, Stability
Microsystems, Surrey, UK) equipped with a specific cylindrical probe placed horizontally
on a heavy platform, according to the method reported by Yu et al. [21]. The device
parameters were set to trigger: force 5 g and distance 15 mm, pretest speed 5 mm/s, test
speed and post-test speed were 2 mm/s and 10 mm/s. Six replicates were made from each
sample under different pretreatments.

2.8. Headspace SPME-GC/MS Analysis

According to Shi et al. [22]. Solid-phase microextraction-gas chromatography—mass
spectrometry (SPME-GC-MS) was used to detect volatile compounds. Fillets of fish (2 g)
were placed into a headspace vial containing 20 mL of water and equilibrated at 40 °C for
10 min. SPME fibre (50/30 pm DVB/CAR/PDMS extractor, Supelco, Bellefonte, PA, USA)
was exposed to the vial headspace for another 40 min at 40 °C. Then, the fibre was inserted
into the GC and desorbed at 250 °C for 5 min. Compounds were separated on a DB-1ms
capillary column (30 m x 0.25 mm x 0.25 um, Agilent J&W, Palo Alto, CA, USA) with

helium as the carrier gas at a flow rate of 1 mL min~!.
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The temperature in the GC oven was held at 40 °C for 2 min, then increased at
2 °C/min to 90 °C, held for 5 min, then increased at 8 °C/min to a final temperature of
250 °C. The ion source was EI. The MS source and transfer line were kept at 230 °C and
280 °C, respectively. The mass spectrometry data were collected over the full scan range of
35 to 350 m/z using positive ionization with an electron energy of 70 eV. Volatile compounds
can be identified by comparing the mass spectrometry results of volatile compounds with
data stored in the National Institute of Standards and Technology (NIST08) spectrum
database. Area normalization was used to quantify volatile compounds.

2.9. Free Amino Acids (FAA) Analysis

FAAs were measured according to Yu et al. [23]. Fish fillets (2 g) were homogenized
with 15 mL of 5% trichloroacetic acid for 1 min. Then they were placed in a refrigerator at
4 °C for 2 h and centrifuged at 9000 x g for 15 min with 10 mL supernatant. Taking 5 mL
supernatant, pH was adjusted to 2.0 with 6 mol/L NaOH, and then volume was adjusted
with distilled water to 10 mL. The extraction was filtered using a 0.22 um filter membrane
and applied to an automatic amino acid analyser (L-8900; Hitachi, Tokyo, Japan). Three
parallels for each sample.

2.10. Statistical Analysis

All data are presented as mean =+ standard deviation. The significant difference was at
the level of p < 0.05 by DPS software analysis and Duncan’s multiple range test. All figures
were obtained by Origin 2017 (OriginLab Co., Northampton, MA, USA).

3. Results and Discussion
3.1. Microbiological Analysis

The main factor limiting the shelf life of largemouth bass fillets is the development
of microbial groups during the preservation. Meat products are often easily degraded
by microbial activities. Figure 1 describes the changing trend in the number of TVC of
largemouth bass with different treatments during storage. The results show that the TVC
of largemouth bass was significantly different with different storage times and sample
treatments (p < 0.05). The higher initial TVC for fresh largemouth bass was 4.5 log CFU/g
(Figure 1). Shuai Zhuang et al. [24] found that the initial TVC of fresh largemouth bass fillets
was about 4.55 log CFU/g, and the initial value was high. The TVC value of largemouth
bass fillets exceeded 7 log CFU/g, which is recognized to be the maximum acceptable
limit of microorganisms [25]. The TVC of fresh largemouth bass fillets on the sixth day
of storage was 7.41 log CFU/g. HHP-0- and HHP-10-treated fish fillets exceeded the
maximum limit (7 log CFU/g) on day 18 and 24 of storage, respectively. HHP-0+SV- and
HHP-10+SV-treated fish fillets exceeded 7 log CFU/g on day 30 of storage, as shown in
Figure 1. The population of the TVC increasingly elevated with storage time. Throughout
the same storage time, HHP and HHP combined with SV treatment significantly reduced
the number of TVC (p < 0.05). Ekonomou et al. [26] found that high hydrostatic pressure
(HHP; 200 MPa, 15 min) could eliminate Listeria monocytogenes in trout. At the same time,
the synergistic effect of HHP, liquid smoke and freezing can reduce its bacteria. Except
for 20 min SV treatment at 65 °C, all temperature/time combinations used to cook turkey
slices could greatly inactivate pathogenic microorganisms [27]. Compared with the control
group, the shelf life of largemouth bass fillets treated with HHP-0 and HHP-10 may be
extended by 12 days and 18 days, respectively, whereas the combination of HHP with SV
was substantially more effective in extending the microbiological shelf life of largemouth
bass fillets by 24 days.
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Figure 1. The effect of different treatments on the number of TVC of largemouth bass during storage.
A-D: Differences between different treatment groups; a—f: Differences in treatment groups during storage.

3.2. pH Value Analysis

The changes in pH values for HHP, HHP+SV and the control are given in Table 1.
The initial pH value of largemouth bass fillets was 6.98. Masniyom et al. [28] found that
the initial pH value of fresh largemouth bass fillets was 6.80 and that the pH value was
gradually increased (7.04 & 0.01) during 2 days of storage. HHP-0, HHP-10, HHP-0+SV
and HHP-10+SV showed a comparable level of pH on day 0, 6.97 & 0.01, 6.92 £ 0.01,
6.89 + 0.02 and 6.85 + 0.04, respectively. However, the pH value started increasing after
6 days of storage. Presumably due to the volatile alkaline components produced by spoilage
bacteria, such as alkaline amines (trimethylamine and other volatile amines) produced by
fish-spoiling bacteria [29]. The pH of largemouth bass fillets was sharply decreased after
one week of storage. The decrease in pH value may be due to the release of lactic acid
produced by the anaerobic glycolysis of glucose and inorganic phosphate produced by
ATP degradation [30]. On the 30th day of storage, HHP and HHP+SV treatment resulted in
pH values of 6.4 and 6.8 for largemouth bass fillets, respectively. In this study, HHP+SV
treatment contributed to keeping the pH level of largemouth bass fillets slowly changing
since it may reduce the growth of bacteria that produce volatile basic components (for
example, alcohols and ketones). The pH value of largemouth bass fillets treated with
HHP+SV was higher than that of the control and HHP. The increase in the pH value of
fish meat during cooking was owed to the formation of disulphide bonds during the
cooking process.

Table 1. Effects of different treatments on the pH value of largemouth bass during storage.

Storage Time (Days)

Treatment

0

2 4 6

Control

6.98 +0.01° 7.04+0.012 6.74 £ 0.01°¢ 6.56 4 0.01 4 _

Storage time (days)

Treatment

0

6 12 18 24 30

HHP-0
HHP-10
HHP-0+SV
HHP-10+SV

6.97 +0.01 AP
6.92 4 0.01 Be
6.89 4 0.02 C¢
6.85 4 0.04 Pe

7.02 +0.01 €2 6.87 £ 0.01 Pe 6.60 +0.01 P4 6.51 4 0.01 Pe 6.40 + 0.01 Pf
6.97 4 0.01 P2 6.94 4+ 0.01 0 6.86 +0.01 ¢4 6.60 & 0.01 Ce 6.43 +0.01 ¢f
7.12 4+ 0.01 A2 7.07 4 0.01 AP 6.89 + 0.01 Be 6.81 +0.01 B4 6.75 4 0.01 Be
7.05 4 0.01 Ba 7.01 4 0.01 BP 6.97 4+ 0.01 A¢ 6.89 +0.01 Ad 6.85 4 0.01 A¢

A-D: Differences between different treatment groups; a—f: Differences in treatment groups during storage.
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3.3. Sensory Evaluation and Texture Profile Analysis

Sensory characteristics of largemouth bass are shown in Figure 2. There were signifi-
cant differences between HHP and HHP+SV in the sensory scores of colour, texture, taste
and aroma, while the score of the taste attribute in HHP+SV was significantly higher than
in HHP. The results of sensory analysis showed that HHP+SV would have a more intense
taste attribute than HHP. The important quality characteristics of bass fillets include colour,
texture, juiciness, aroma and taste. Processing technology and storage have important
effects on sensory attributes of bass fillets. In the present study, aroma and taste were more
significant than colour, texture and juiciness in discriminating the sensory characteristics of
HHP and HHP+SV. It may be that SV treatment could help produce different aroma and
taste components. Sensory characteristics tended to decrease as storage time increased, but
sensory scores decreased more slowly in the HHP+SV treatment compared with the HHP
group. In the later stages of storage, the fish in the HHP group became darker in colour,
looser in texture and worse in smell.
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Figure 2. The effect of different treatments on sensory evaluations: springiness, hardness, cohesive-
ness and chewiness of largemouth bass during storage. A-D: Differences between different treatment
groups; a—f: Differences in treatment groups during storage.

Texture analysis is displayed in Figure 2. The springiness, hardness, cohesiveness
and chewiness of HHP+SV were significantly higher than those in HHP (p < 0.05). This
showed a firm and elastic taste was obtained by SV pretreatment, which was popular
with consumers. The initial hardness of the largemouth bass fillets from the CK group
was 14,499 g. After treatment, the hardness showed a decreasing trend and gradually
decreased as the storage time increased. The HHP+SV showed a lower elasticity value
when compared with HHP. The springiness of bass fillets decreased with an increase in
storage time and reached the minimum value at 30 days. Chewiness refers to the time
required to chew food at a fixed speed to reduce it to a size suitable for swallowing [31].
Cohesiveness and chewiness exhibited the same change curves, which were complementary
to hardness. This is consistent with the results of the sensory characteristics. HHP combined
with SV treatment significantly reduced the hardness and chewability of fish and had a
better texture, indicating that hardness and chewability are important components in
this treatment.

3.4. Headspace SPME-GC/MS Analysis

The flavour changes of the pretreated bass fillets under storage conditions were
investigated by HS-SPME GC/MS. A total of 43 volatile compounds including alcohol (10),
aldehyde (10), ketone (3) hydrocarbons (17) and others (3) were detected in the sample.

As shown in Table 2, the most important compounds were alcohols and aldehydes,
but alcohols were not the main contributors to the overall aroma because of their high
odour threshold [32]. The odour threshold of nonanal, hexanal and other aldehydes was
low. They come from the degradation of fatty acids and triglycerides, which can have
a great impact on the overall aroma of marine products [33]. A few compounds such
as valeraldehyde, trans-2-heptenal, cyclobutanol and 1-nonanol appeared occasionally
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during storage. According to the treatment and storage conditions of bass meat, most
compounds can be divided into three categories. The first group included four compounds
that were detected throughout the storage of bass meat. The second group included many
compounds that were detected only in the middle and/or end stage, and at the end of
treatment and storage; the initially detected compounds decreased or disappeared.

Table 2. Effects of different treatments on the volatile compounds of largemouth bass during storage.

0 Day 2 Day 4 Day 6 Day 0 Day 30 Day
Compound (x10°) HHP- HHP- HHP- HHP- HHP-
CK CK CK CK HHP-0 0+SV 10 10+SV HHP-0 0+SV HHP-10 10+SV
Aldehydes (10)
Benzaldehyde 0.02 0.03 - 0.02 - 0.02 - 0.03 - 0.11 - 0.04
Valeraldehyde 0.28 - 0.19 0.36 - 1.23 0.23 3.42 - - - -
Isovaleraldehyde 0.17 0.63 - 0.44 - - 0.07 0.07 0.16 - 0.28 -
Hexanal 14.73 3.13 7.68 2.38 11.40 2.57 11.34 227 1.50 4.04 412 15.02
Heptaldehyde 2.19 235 0.41 1.43 0.70 2.05 1.09 1.86 0.32 3.16 0.48 228
trans-2-Heptenal - 0.10 0.01 0.08 0.05 - - - - - - -
Octanal 2.50 2.52 0.50 1.66 112 1.38 1.00 1.38 0.26 3.54 0.37 1.04
(E)-2-Octenal 0.07 0.21 0.02 0.22 0.04 - - - - 0.07 - -
Nonanal 3.92 512 112 3.16 234 1.24 1.96 0.97 115 3.51 0.76 0.86
Decanal 0.11 0.15 0.04 0.12 0.11 - 0.05 - 0.06 0.05 - -
Alcohols (10)
Cyclobutanol - - - - 0.16 - 0.17 - - - - -
1-Pentanol 0.72 1.20 0.28 0.24 0.24 0.52 0.22 0.28 0.01 1.79 0.09 -
1-Penten-3-ol - - - - - - - - - 1.66 - 3.11
3-Methyl-1-butanol - - - - - - - 0.20 11.65 0.90 3.31 -
Hexyl alcohol 1.32 1.76 0.96 1.27 151 B 0.54 - 0.37 5.68 - -
n-Heptanol - - - 091 0.53 - 0.36 - - - - -
1-Octanol 0.50 0.87 0.15 0.54 0.48 0.04 0.21 0.09 0.08 1.01 0.06 -
1-Octen-3-ol 1.89 4.39 0.67 2.90 0.90 2.09 - 1.90 0.38 9.97 115 9.14
1-Nonanol - 0.15 0.01 0.03 - - - - - - - -
Decyl alcohol 0.03 - - - - - - - - - - -
Ketones (3)
2-Heptanone - 0.07 - - - - - - 0.25 0.64 - -
2,3-Octanedione 1.69 3.58 0.43 1.75 0.72 - 0.64 0.93 0.20 0.98 0.45 0.55
2-Nonanone 0.05 0.08 - 0.04 - 0.02 - 0.04 0.03 0.14 0.37 0.10
Hydrocarbons (17)
Cycloheptane - 0.09 - - 0.04 - - - - - - -
1-Octane 0.33 0.39 0.03 0.06 0.08 - 0.05 0.13 0.04 221 - -
n-Nonane - - 0.01 0.02 - - - 0.16 0.34 - 0.85 -
Decane - 0.09 0.00 0.08 0.01 0.05 - 0.06 0.04 0.17 0.07 0.20
Undecane 0.02 0.06 0.03 0.03 0.02 0.04 0.04 - 0.04 0.20 - -
Dodecane 0.02 0.02 0.09 0.04 - 0.03 0.01 0.06 0.06 - 0.06 0.33
Tridecane 0.01 0.03 0.04 0.03 0.01 0.06 0.02 0.08 0.04 0.16 0.04 0.25
Tetradecane 0.03 0.04 0.03 0.02 0.02 0.08 0.02 0.13 0.04 0.09 0.11 0.29
Pentadecane 0.15 0.19 0.18 0.11 0.14 226 0.11 3.46 0.25 0.49 3.69 7.34
Hexadecane 0.01 0.01 0.01 0.01 - 0.02 0.01 0.02 0.01 0.02 0.03 0.06
Phenylethylene - - 0.17 0.04 0.04 0.07 0.03 0.05 0.02 - 0.08 0.65
Benzocyclobutene 0.01 - 0.01 0.04 - 0.17 - 0.07 - - 0.57 1.01
1,3-Cyclooctadiene 0.19 0.07 - - 0.18 N - 0.02 - - B 3.05
ool - - 012 002 o001 016 002 0.09 - - 0.04 -
yclooctatetraene
1,3,6-Octatriene,3,7-
dimethyl- 0.05 0.06 - - - - - - - 0.21 - -
1-Tridecene - - - - - 0.02 - 0.06 - - 0.03 0.10
1-Caryophyllene - - - - - 0.02 - 0.02 - 0.10 0.03 0.07
Others (3)
2-Pentylfuran 0.03 0.01 - - 0.02 0.02 0.02 0.02 - 0.50 - 0.10
3-Methylpyridazine 0.02 - - - - - - - - - - -
Dimethyl disulfide - - - - - - - - - 0.19 - -

In the first group of compounds, hexanal, heptaldehyde, octanal and nonanal ex-
hibited a tendency to reduce gradually in HHP groups throughout the whole storage,
whereas they tended to increase in HHP+SV groups. The relative content of the second
group of compounds in fish fillets was low. The species and peak areas of aldehydes were
significantly reduced after HHP and UHP+SV treatment. Only the HHP-treated samples
did not detect benzaldehyde, indicating that the HHP-only treatment caused the samples
to lose their nutty aroma, while the HHP+SV treatment avoided this phenomenon and
maintained the original flavour characteristics. After treatment and storage of the sam-
ples, trans-2-heptenal and 1-nonanol compounds disappeared. In some cases, metabolites
produced during corruption may be further metabolized by microorganisms [34]. These
aspects probably explain the above VOC changes. At the same time, some VOC accumu-
lation was caused by the metabolism of spoilage microorganisms (such as Pseudomonas,

222



Foods 2022, 11,1931

Shewanella and Enterobacteriaceae) and chemical reactions mainly including the oxidation of
polyunsaturated fatty acids [35].

3.5. Free Amino Acid (FAA) Analysis

Table 3 presents the effects of different treatments on the content of FAA (expressed
in mg/100 g dry matter) of largemouth bass during storage. Statistical analysis indicates
that HHP and HHP+SV treatment had significant effects on the total FAA content of bass
(p < 0.05). There were significant differences among CK, HHP and HHP+SV treatments.
The total amount of FAA in CK samples was high. This indicates that HHP and HHP+SV
treatment would lead to the loss of free amino acid content. The total FAA content of the
HHP group was higher than that of the HHP+SV group at early storage (0 day) and late
storage (30 day), which indicates that SV treatment can slow down the production of amino
acid molecules. In the latter stage of storage (30 day), the total FAA in the HHP+SV group
decreased more than that in HHP group. In the composition of FAA, alanine was the only
amino acid with the highest content in untreated samples. Higher levels of specific amino
acids in HHP and HHP+SV samples compared with untreated samples may influence the
perception of sweet (sweet amino acids include alanine, serine, threonine and glycine),
bitter (bitter amino acids include phenylalanine, histidine, valine, methionine, isoleucine,
leucine and arginine), umami (umami amino acids include glutamic and aspartic acid)
and tasteless (tasteless amino acids include cysteine, lysine and tyrosine) attributes in
comparison with untreated samples (Table 3). After HHP and HHP+SV treatments, the
sweet and umami amino acid content of the sea bass fillets was reduced, whereas the bitter
amino acid content was increased. On the 30th day of storage, the content of sweet and
umami amino acids of largemouth bass decreased significantly, and the content of sweet
and fresh amino acids of HHP-SV was lower than that of HHP.

Table 3. Effects of different treatments on the free amino acids in largemouth bass during storage.

0 Day 2 Day 4 Day 6 Day 0 Day 30 Day
FAA (mg/100 g) HHP- HHP- HHP- HHP-
CK HHP-0 HHP-10 045V 1048V HHP-0 HHP-10 045V 1048V
Thr 12.29° 10.10°¢ 11.53¢ 9.26 % 7.35] 10.38 4 8.97™ 14.52° 1.26! 10.02 8.89 1 7.29%
Ser 3.948 3.831 421¢ 4434 5.09° 5332 479¢ 3.391 053! 410f 151k 3541
Ala 38.688 45.27° 45.05¢ 40.61° 40.68¢ 54.272 42.894 11.14 % 12,591 14991 511! 21.75M
Gly 16762 14.57¢ 13.90 4 1341°¢ 11.15h 14.57°¢ 11778 1329 f 14.73% 6.691 5.39 & 7.951
Sweet 71.67 73.77 74.69 67.71 64.26 84.55 68.42 4233 29.11 35.80 20.90 4054
Asp 0488 0.27! 0.321 0.51°f 0.61¢ 045" 0.77® 0.29 % 0.66 0.87°2 0.55 ¢ 0.36
Glu 5.96 ¢ 6.05¢ 6.88° 6.63¢ 495% 5.69 4281 4760 11.68° 5.69 f 237k 2871
Umami 6.44 6.32 7.20 7.14 5.56 6.13 5.05 5.05 12.34 6.56 2.92 3.23
Val 3.53h 370¢ 3.82¢ 3.64F 3.61% 395" 3.63" 4127 3.744 3401 2.541 243k
Met 2.15¢ 2.38° 2432 237¢ 1.821 2314 2,038 2.13° 2314 2.00™ 1.351 1.28%
Tle 2438 253 F 2744 2.58°¢ 2.38 1 3.22° 298¢ 3.00° 1.73% 2211 151! 1.861
Leu 4691 470¢ 5169 4.69¢ 425N 5.852 5.38¢ 5.56 3561 4278 313k 3.531
Phe 339¢ 329¢ 3.42° 3.148 3.12h 3.582 3334 3231 31380 2231 1.46 % 1.641
His 28.08 & 27.70! 33.59 29.721 32,05 42.78° 38.35°¢ 44.14° 33478 36.22°¢ 36.35 ¢ 30461
Arg 041M 0.25* 0371 0.62° 0.287 0.59° 0.49 4 0.58 ¢ 0.19! 045° 0.48¢ 0438
Bitter 44.68 44.55 51.53 46.76 47.51 62.29 56.19 62.76 48.14 50.78 46.82 41.64
Cys 0.00f 0.00f 0.00f 0.00 f 0.00 0.00f 0.00f 011¢ 3532 0.89° 0.84°¢ 0.34¢
Tyr 317° 3.15¢ 210" 2721 2818 3.01°¢ 2.87F 2.70 4452 3.04¢ 2.231 220
Lys 23.60 4 21611 28.032 22.89°¢ 15.111 21.238 16.59 1 13.72% 25.89° 24.59°¢ 11.60! 16441
Tasteless 26.77 24.76 30.13 25.61 17.93 24.23 19.46 16.53 33.87 28.51 14.67 18.98
Total 149.56 149.40 163.55 147.22 135.26 177.21 149.11 126.67 12347 121.66 85.31 104.38

Note: letters represent significant differences. p < 0.05.

4. Conclusions

The microbe, pH, sensory, colour, texture, GC-MS, FAA and other quality indicators
of largemouth bass stored for 30 days after HHP and SV treatment were studied. The
results indicated that along with the increase in storage time, the TVC of largemouth bass
increased and the sensory evaluation decreased. HHP-0- and HHP-10-treated fish fillets
exceeded the maximum limit (7 log CFU/g) on day 18 and 24 of storage, respectively.
HHP-0+SV- and HHP-10+SV-treated fish fillets exceeded 7 log CFU/g on day 30 of storage.
This showed that HHP+SV treatment can prolong the storage period of bass compared with
HHP. The results of sensory evaluation, texture characteristics, GC-MS and FAA showed
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that HHP+SV had higher sensory and texture and good wind characteristics compared with
HHP, but it would cause the loss of free amino acid content of bass. In general, HHP+SV
processing is considered to be an effective technology, compared with HHP processing and
SV processing alone.

Author Contributions: Conceptualization, M.Z., Y.Q. and G.X.; Data curation, M.Z., Y.L. and EC,;
Formal analysis, M.Z., Y.L. and E.C.; Investigation, M.Z. and Y.L.; Methodology, M.Z., Y.L. and EC;
Visualization, M.Z., and Y.L.; Writing—original draft, M.Z. and Y.L.; Writing—review and editing,
M.Z.,EC,CW, Y.Q., LW, WW., LS. and A.D.; Resources, C.W., Y.Q., G.X. and L.W.; Supervision,
CW., LW, WW.,, LS. and A.D.; Funding acquisition, Y.Q. and G.X.; Validation, F.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the China Agriculture Research System (CARS-46) and the Maior
project of the Scientific and Technological R&D of Hubei Agricultural Scientific and Technological
Innovation Center (2020-620-000-002-03).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: We appreciate the research was funded by the China Agriculture Research
System (CARS-46) and the Maior project of the Scientific and Technological R&D of Hubei Agricultural
Scientific and Technological Innovation Center (2020-620-000-002-03).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nieva-Echevarria, B.; Manzanos, M.J.; Goicoechea, E.; Guillén, M.D. Changes provoked by boiling, steaming and sous-vide
cooking in the lipid and volatile profile of European sea bass. Food Res. Int. 2017, 99, 630-640. [CrossRef] [PubMed]

2. Nie, X,; Wang, L.; Wang, Q.; Lei, J.; Hong, W.; Huang, B.; Zhang, C. Effect of a sodium alginate coating infused with tea
polyphenols on the quality of fresh Japanese sea bass (Lateolabrax japonicas) fillets. J. Food Sci. 2018, 83, 1695-1700. [CrossRef]

3. Hu,L;Ren,S,;Shen, Q.; Chen, J.; Ye, X,; Ling, J. Proteomic study of the effect of different cooking methods on protein. oxidation
in fish fillets. RSC Adv. 2017, 7, 27496-27505. [CrossRef]

4. Xu, B.; Chang, SK.C. Effect of soaking, boiling, and steaming on total phenolic content and antioxidant activities of cool season
food legumes. Food Chem. 2008, 110, 1-13. [CrossRef] [PubMed]

5. Bolumar, T.; Orlien, V.; Sikes, A.; Aganovic, K.; Bak, K.H.; Guyon, C.; Briiggemann, D.A. High-pressure processing of meat:
Molecular impacts and industrial applications. Compr. Rev. Food Sci. Food Saf. 2021, 20, 332-368. [CrossRef] [PubMed]

6.  Suemitsu, L.; Cristianini, M. Effects of high pressure processing (HPP) on quality attributes of tilapia (Oreochromis niloticus) fillets
during refrigerated storage. LWT 2019, 101, 92-99. [CrossRef]

7. Deng, L.Z.; Mujumdar, A.S.; Pan, Z.; Vidyarthi, S.K.; Xu, J.; Zielinska, M.; Xiao, H.W. Emerging Chemical and Physical Disinfection
Technologies of Fruits and Vegetables: A Comprehensive Review. Crit. Rev. Food Sci. Nutr. 2020, 60, 2481-2508. [CrossRef]

8. Aubourg, S.P. Impact of High-Pressure Processing on Chemical Constituents and Nutritional Properties in Aquatic Foods: A
Review. Int. J. Food Sci. Technol. 2018, 53, 873-891. [CrossRef]

9. Ye, T; Chen, X,; Chen, Z.; Yao, H.; Wang, Y; Lin, L.; Lu, J. Quality and Microbial Community of High Pressure Shucked Crab
(Eriocheir Sinensis) Meat Stored at 4 °C. J. Food Process. Preserv. 2021, 45, €15330. [CrossRef]

10. Lin, CS,; Lee, Y.C.; Kung, H.F; Cheng, Q.L.; Ou, T.Y.; Chang, S.K.; Tsai, Y.H. Inactivation of microbial loads and retardation
of quality loss in Asian hard clam (Meretrix lusoria) using high-hydrostatic-pressure processing during refrigerated storage.
Food Control 2022, 133, 108583. [CrossRef]

11. Kim, HH,; Ryu, S.H,; Jeong, SM.; Kang, W.S.; Lee, ].E.; Kim, S.R.; Ahn, D.H. Effect of High Hydrostatic Pressure Treatment on
Urease Activity and Inhibition of Fishy Smell in Mackerel (Scomber japonicus) during Storage. J. Microbiol. Biotechnol. 2021, 31,
1684-1691. [CrossRef] [PubMed]

12. Zhao, YM,; de Alba, M.; Sun, D.W.; Tiwari, B. Principles and Recent Applications of Novel Non-Thermal Processing Technologies
for the Fish Industry-a Review. Crit. Rev. Food Sci. Nutr. 2019, 59, 728-742. [CrossRef] [PubMed]

13. Dominguez-Hernandez, E.; Salaseviciene, A.; Ertbjerg, P. Low-temperature long-time cooking of meat: Eating quality and
underlying mechanisms. Meat Sci. 2018, 143, 104-113. [CrossRef] [PubMed]

14. Saito, K.; Yoshinari, M.; Ishikawa, S.I. Effects of Low-temperature Long-time Sous-vide Cooking on the Physicochemical
andSensory Characteristics of Beef and Pork Shank. J. Culin. Sci. Technol. 2020, 20, 165-179. [CrossRef]

15. Garcia-Segovia, P.; Andr “es-Bello, A.; Martinez-Monz "o, J. Effect of cooking method on mechanical properties, color and structure

of beef muscle (M. pectoralis). ]. Food Eng. 2007, 80, 813-821. [CrossRef]

224



Foods 2022, 11,1931

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Park, C.H.; Lee, B.; Oh, E.; Kim, Y.S.; Choi, Y.M. Combined effects of sousvide cooking conditions on meat and sensory quality
characteristics of chicken breast meat. Poult. Sci. 2020, 99, 3286-3291. [CrossRef]

Jiang, S.; Xue, D.; Zhang, Z.; Shan, K; Ke, W.; Zhang, M.; Zhao, D.; Nian, Y.; Xu, X.; Zhou, G.; et al. Effect of Sous-vide cooking on
the quality and digestion characteristics of braised pork. Food Chem. 2021, 375, 131683. [CrossRef]

Wiestaw, P.; Danuta, J.; Katarzyna, K.; Piotr, S.; Kacper, P. Effect of Heat Treatment by the Sous-Vide Method on the Quality of
Poultry Meat. Foods 2021, 10, 1610. [CrossRef]

Rezaeigolestani, M.; Misaghi, A.; Khanjari, A.; Basti, A.A.; Abdulkhani, A.; Fayazfar, S. Antimicrobial evaluation of novel
poly-lactic acid based nanocomposites incorporated with bioactive compounds in-vitro and in refrigerated vacuum-packed
cooked sausages. Int. |. Food Microbiol. 2017, 260, 1-10. [CrossRef]

Liu, X.; Huang, Z.; Jia, S.; Zhang, J.; Li, K.; Luo, Y. The roles of bacteria in the biochemical changes of chill-stored bighead carp
(Aristichthys nobilis): Proteins degradation, biogenic amines accumulation, volatiles production, and nucleotides catabolism.
Food Chem. 2018, 255, 174-181. [CrossRef]

Yu, D.; Jiang, Q.; Xu, Y.; Xia, W. The shelf life extension of refrigerated grass carp (Ctenopharyngodon idellus) fillets by chitosan
coating combined with glycerol monolaurate. Int. . Biol. Macromol. 2017, 101, 448-454. [CrossRef] [PubMed]

Shi, J.; Nian, Y.; Da, D.; Xu, X.; Zhou, G.; Zhao, D.; Li, C. Characterization of flavor volatile compounds in sauce spareribs by gas
chromatography—mass spectrometry and electronic nose. LWT-Food Sci. Technol. 2020, 124, 109182. [CrossRef]

Yu, D.; Xu, Y.; Regenstein, ].M.; Xia, W.; Yang, F; Jiang, Q.; Wang, B. The effects of edible chitosan-based coatings on flavor quality
of raw grass carp (Ctenopharyngodon idellus) fillets during refrigerated storage. Food Chem. 2018, 242, 412. [CrossRef]

Zhuang, S.; Li, Y.,; Hong, H.; Liu, Y;; Shu, R.; Luo, Y. Effects of ethyl lauroyl arginate hydrochloride on microbiota, quality and
biochemical changes of container-cultured largemouth bass (Micropterus salmonides) fillets during storage at 4 °C. Food Chem.
2020, 324, 126886. [CrossRef] [PubMed]

ICMSE. Microorganisms in Foods. Sampling for Microbiological Analysis: Principles and Scientific Applications; University of Toronto
Press: Toronto, ON, Canada, 1986; pp. 181-196.

Ekonomou, S.I; Bulut, S.; Karatzas, K.A.G.; Boziaris, LS. Inactivation of Listeria monocytogenes in raw and hot smoked trout
fillets by high hydrostatic pressure processing combined with liquid smoke and freezing. Innov. Food Sci. Emerg. Technol. 2020,
64,102427. [CrossRef]

Biyikl, M.; Akoglu, A.; Kurhan, S.; Akoglu, I.T. Effect of different Sous Vide cooking temperature-time combinations on the
physicochemical, microbiological, and sensory properties of Turkey cutlet. Int. ]. Gastron. Food Sci. 2020, 20, 100204. [CrossRef]
Masniyom, P.; Benjakul, S.; Visessanguan, W. Shelf-life extension of refrigerated seabass slices under modified atmosphere.
packaging. J. Sci. Food Agric. 2002, 82, 873-880. [CrossRef]

Ordonez, J.A.; Lopez-Galvez, D.E.; Fernandez, M.; Hierro, H.; Hoz, L. Microbial and physicochemical modifications of hake
(Merluccius merluccius) steaks stored under carbon dioxide enriched atmospheres. |. Sci. Food Agric. 2000, 80, 1831-1840. [CrossRef]
Yu, D.; Regenstein, ].M.; Zang, J.; Xia, W.; Xu, Y;; Jiang, Q.; Yang, F. Inhibitory effects of chitosan-based coatings on endogenous
enzyme activities, proteolytic degradation and texture softening of grass carp (Ctenopharyngodon idellus) fillets stored at 4 °C.
Food Chem. 2018, 262, 1-6. [CrossRef]

Yu, X; Li, L.; Xue, J.; Wang, J.; Song, G.; Zhang, Y.; Shen, Q. Effect of air-frying conditions on the quality attributes and lipidomic
characteristics of surimi during processing. Innov. Food Sci. Emerg. Technol. 2020, 60, 102305. [CrossRef]

Enrique Cometto-Mufiiz, J.; Cain, W.S. Perception of odor and nasal pungency from homologous series of volatile organic
compounds. Indoor Air 2010, 4, 140-145. [CrossRef]

Hammer, M.; Schieberle, P. Model studies on the key aroma compounds formed by an oxidative degradation of w-3 fatty acids
initiated by either copper(ii) ions or lipoxygenase. J. Agric. Food Chem. 2013, 61, 10891-10900. [CrossRef] [PubMed]

Leduc, E; Tournayre, P.; Kondjoyan, N.; Mercier, E; Malle, P.; Kol, O.; Duflos, G. Evolution of volatile odorous compounds during
the storage of European seabass (Dicentrarchus labrax). Food Chem. 2012, 131, 1304-1311. [CrossRef]

Parlapani, EF.; Mallouchos, A.; Haroutounian, S.A.; Boziaris, I.S. Microbiological spoilage and investigation of volatile profile
during storage of sea bream fillets under various conditions. Int. J. Food Microbiol. 2014, 189, 153-163. [CrossRef]

225






foods

Article

In-Vitro Study on the Antibacterial and Antioxidant Activity of
Four Commercial Essential Oils and In-Situ Evaluation of Their
Effect on Quality Deterioration of Pacific White Shrimp
(Litopenaeus vannamei) during Cold Storage

Yun-Fang Qian ">, Ting Lin !, Xiao Liu , Jiao Pan !, Jing Xie -2 and Sheng-Ping Yang 1-2*

Citation: Qian, Y.-F; Lin, T,; Liu, X.;
Pan, J; Xie, J.; Yang, S.-P. In-Vitro
Study on the Antibacterial and
Antioxidant Activity of Four
Commercial Essential Oils and
In-Situ Evaluation of Their Effect on
Quality Deterioration of Pacific
White Shrimp (Litopenaeus vannamei)
during Cold Storage. Foods 2022, 11,
2475. https://doi.org/10.3390/
foods11162475

Academic Editors: Tao Yin and Liu
Shi

Received: 19 July 2022
Accepted: 11 August 2022
Published: 17 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

College of Food Science & Technology, Shanghai Ocean University, Shanghai 201306, China

Shanghai Engineering Research Center of Aquatic Product Processing & Preservation, Shanghai 201306, China
Department of Food and Nutrition, University of Helsinki, 00014 Helsinki, Finland

Henan Key Laboratory of Cold Chain Food Quality and Safety Control, Zhengzhou University of Light
Industry, Zhengzhou 450001, China

*  Correspondence: spyang@shou.edu.cn; Tel.: +86-21-61900400

oW N e

Abstract: The antioxidant and antibacterial properties of four essential oils (oregano essential oil
(OEO), tea tree essential oil (TTEO), wild orange essential oil (WOEO), and clove leaf essential oil
(CLEO)) were determined. The in-vitro experiment indicated that CLEO had the highest total phenolic
content and DPPH scavenging activity, and OEO displayed the highest antibacterial effect, so they
were applied to maintain the quality of shrimp for further study. In-situ study, the total viable counts
of shrimp were inhibited from 9.05 log CFU/g to 8.18 and 8.34 log CFU /g by 2% of OEO and CLEO
treated alone on 10 d. The melanosis ratio was also retarded from 38.16% to 28.98% and 26.35%
by the two essential oils. The inhibitory effects of OEO and CLEO on the increase of PPO activity,
weight loss, and TCA-soluble peptides, and the decreasing tendency of whiteness, the contents of
myofibrillar and sarcoplasmic proteins were also founded. The samples treated with 1% OEO + 1%
CLEO had better quality than those treated alone. Therefore, the combination of OEO and CLEO had
a synergistic effect, which displayed the highest efficiency to prevent the melanosis, bacterial growth,
and protein hydrolysis of shrimp.

Keywords: oregano essential oil; clove leaf essential oil; melanosis ratio; protein degradation; TCA-
soluble peptides; mechanism

1. Introduction

Essential oils (EO) are important plant extracts and have attracted much interest
from scientists for their various biological activities, including anticancer, anti-obesity,
antispasmodic effects, etc. [1-3]. They are also potential to replace chemical preservatives in
the field of food preservation due to their antibacterial, antiviral, antifungal, and antioxidant
effects [4-6]. Studies have demonstrated the efficiency of EOs to inhibit the growth of
pathogens and spoilers, and extend the shelf life of seafoods [7-9]. Furthermore, as they
are derived from plants, they are generally recognized as safe (GRAS) by the United States
Food and Drug Administration (USFDA) [4].

The effectiveness of EOs on inhibiting bacterial growth and prolonging the shelf-
life of various foods are proven [10-12]. However, EOs are very complex, because they
are composed of at least 50 components. It is difficult to predict the susceptibility of a
microorganism to a kind of EOs [11]. Therefore, it is necessary to study the formula of the
extracts on different food products individually.

Pacific white shrimp (Lifopenaeus vannamei) is an important aquacultured products
favored worldwide, whose global production reached 5.8 million in 2020 [13,14]. After
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harvesting, chilling or freezing is often applied to retard the metabolic activities of mi-
croorganisms and endogenous protease hydrolysis. However, the hydrolysis and bacterial
spoilage progress still move on even in chilling environment, leading to a limited shelf-life
of several days [15]. However, besides the adverse effect of microorganisms and protein
hydrolysis, melanosis is another essential problem to cause rejection from consumers.
Melanosis occurs firstly when black spots appear on the cephalothorax of the shrimp,
and finally develops thoroughly, mainly triggered by tyrosinase, which is also known as
polyphenoloxidase (PPO), whose activity is related with catch/harvest season, gender, and
size/age of specimens [16,17]. Although the precipitated melanin in shrimp is non-toxic, it
can easily reduce the nutrient level, resulting in quality and economic loss [16]. Therefore, to
extend the shelf life of shrimp, it is important to inhibit both the development of melanosis
and the growth of bacteria. The inhibitory effect of some kinds of EOs on bacteria growth
in seafood has been reported [7,9,10,18,19]. However, the studies about EOs on protein
degradation and melanosis development of Pacific white shrimp still remains unclear.

In this study, the antibacterial and anti-melanosis activity of several essential oils
(oregano essential oil (Origanum vulgare), wild orange essential oil (Citrus sinensis), tea tree
essential oil (Melaleuca Alternifolia), and clove essential oil (Eugenia caryophyllata)) were
evaluated both in vitro and in situ, so as to provide a whole view about the efficiency of
the essential oils on the preservation of shrimp and propose a possible fresh-maintaining
mechanism.

2. Materials and Methods
2.1. Chemicals

Oregano essential oil (OEO) and wild orange essential oil (WOEO) were obtained
from dOTERRA Shanghai Trading Co., Ltd. (Shanghai, China). Tea tree essential oil (TTEO)
was obtained from Camenae Botanical Technology Co., Ltd. (Guangzhou, China). Clove
leaf essential oil (CLEO) was brought from Ecoarts Enterprise Co., Ltd. (Shanghai, China).
Trichloroacetic acid (TCA), sodium chloride, DPPH, and other chemicals were all obtained
from Sinopharm chemical reagent company (Shanghai, China). All reagents were of the
highest grade level available commercially. All microbial media were procured from
Qingdao Hope Biol-Technology Co., Ltd. (Qingdao, China).

2.2. Bacterial Strains

Staphylococcus aureus (ATCC14222), Escherichia coli (ATCC25922), and Bacillus cereus
(ATCC14579) were obtained from American Type Culture Collection (ATCC). Shewanella
putrefaciens QY38 (NCBI accession no: KX692894) was isolated from spoiled Pacific white
shrimps and stored in the laboratory previously.

2.3. In-Vitro Analysis of the Antioxidant and Antibacterial Ability
2.3.1. Preparation of the Preservatives

The preservatives, including OEO, tea tree essential oil TTEO, wild orange essential
oil WOEQ, and clove leaf essential oil CLEO were diluted to 0.5%, 2%, and 10% in ethanol
for antioxidant assays, respectively.

For the in-vitro antibacterial assay, the essential oils were diluted to 2.5%, 2%, 0.5%,
0.1%, 0.025%, and 0.005% (v/v), respectively, and sterilized by filtration through a 0.22 um
pore-size filter before use. The solvent ethanol was used as the control.

2.3.2. Total Phenolic Content

Total phenolic content (TPC) of all the preservatives was determined as described by
Olatunde, et al. [20] using gallic acid as standard.

2.3.3. DPPH Scavenging Activity

DPPH scavenging activity of the preservatives was evaluated according to the method
with some modifications [21]. The dilution of preservatives (25 uL) was mixed with 975 uL.
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of DPPH ethanol solution (100 pmol/L), and then incubated at room temperature for
30 min in the dark. The absorbance of the solution was measured at 515 nm. The mixture
of deionized water and DPPH ethanol solution was used as the blank, while the mixture
of the preservatives and ethanol solvent was used as the control. The DPPH scavenging
activity was calculated as follows:

As — Ac
b

DPPH scavenging activity% = (1 — ) x 100% 1)
where A represents the absorbance of the sample, A;, represents the absorbance of blank,
and A, represents the absorbance of the control.

2.3.4. Oxford Cup Assay

These strains were activated by cultivation in Brain Heart Infusion (BHI) broth twice
at 30 °C until the concentration reached approximately 10% cells/mL. Then culture was
diluted to about 10° cells/mL by sterilized Luria-Bertani (LB) broth. Then the Oxford cup
assay was conducted according to Qian, Cheng, Ye, Zhao, Xie and Yang [18]. Finally, the
diameter of the inhibition zone was measured after incubation at 30 °C for 24 h.

2.4. In-Situ Study on the Effect of the Selected Preservatives on the Qualities of Pacific White
Shrimp
2.4.1. Sample Preparation

Pacific white shrimp samples (16-20 g for each) were purchased from local market
near Luchaogang Port (Shanghai, China) alive in water (14-18 °C) within 30 min. Upon
arrival at the laboratory, the shrimps were immersed into the ice-slurry and washed. Then
the shrimp was drained and separated into 4 groups randomly.

2.4.2. Preparation and Application of Preservatives

Oregano essential oil (OEO) and clove leaf essential oil (CLEO) were used to preserve
Pacific white shrimp during cold storage. According to the in-vitro antioxidant and anti-
bacterial experiment, the two essential oils were diluted to 2% (v/v) in water. A compound
preserving solution was prepared with 2% OEO and 2% CLEO at a ratio of 1:1. Then the
shrimp were immersed into the essential oils for 5 min before draining. The four treatments
are listed as following: (1) Con: treated by sterilized water; (2) OEQO: treated by 2% OEO;
(3) CLEO: treated by 2% CLEQO; (4) OEO + CLEO: treated by 1% OEO + 1% CLEO.

2.4.3. Microbiological Analysis

The total viable counts, psychrotrophic bacteria, and HS-producing bacteria growth
were measured according to Yu, et al. [22]. In brief, 25 g of shrimp was homogenized with
225 mL sterilized saline water (0.85%, w/v), and diluted in serial 10-fold solutions. One
milliliter of the dilutions was mixed with Plate count agar (PCA, No.HB0101, Qingdao Hope
Biol-Technology Co., Ltd., Qingdao, China) or Iron agar (IA, NO. HB8735, Qingdao Hope
Biol-Technology Co., Ltd., Qingdao, China). For total viable counts and psychrotrophic
bacteria counts, the plates with PCA were incubated at 30 °C for 48 h and 4 °C for 10 days,
respectively. For HyS-producting bacteria counts, the plates with IA were incubated at
25 °C for 72 h, and the black colonies were counted for calculation.

2.4.4. Total Volatile Basic Nitrogen (TVB-N)

The TVB-N content of shrimp was detected by using the steam-distillation procedure
on an Automatic Kjeldahl Apparatus (Kjeltec Analyzer Unit, Foss Tecator AB; Hoganas,
Sweden) [22]. The results were recorded as mg N/100 g. The procedure was repeated
in triplicate.
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2.4.5. Weight LOSS

Weight loss (%) was evaluated by weighing shrimp during storage and evaluated by
the following equation according to the reference [23].

Weight loss (%) = % % 100 @)
0
where m( was the weight of shrimp at the beginning of storage, and m, was the weight of
shrimp after n days of storage.

2.4.6. Determination of TCA-Soluble Peptides Content

Trichloroacetic acid (TCA)-soluble peptides contents were determined according to
the method of Chen, et al. [24].

2.4.7. Determination of Sarcoplasmic and Myofibrillar Protein Contents

The protein was extracted according to the method of Lv, et al. [25]. About 2 g minced
fish sample was homogenized with 20 mL Tris-maleate buffer A (20 mmol/L pH 7.0,
0.05 mol/L KCl) at 4 °C. Then the solution was centrifuged for 15 min at the speed of
10,000 g. The supernatant containing sarcoplasmic protein was collected. The precipitate
was homogenized with 20 mL Tris-maleate buffer B (20 mmol/L, pH 7.0, containing
0.6 mol/L KCl). The solution was incubated for 1 h at 4 °C. After centrifugation at 10,000x g
for 15 min, the supernatant containing myofibrillar protein was obtained. The protein
content of the extracted solution was determined by the BCA Protein Assay Kit (Tiangen
Biotech (Beijing) Co., Ltd., Beijing, China) and the results were expressed as mg/mL of the
extraction.

2.4.8. Colorimetric Measurement

The surface color including L* (lightness), a* (redness and greenness), b* (yellowness
and blueness) of shrimp cephalothoraxes were measured via YS6060 Benchtop Grating
Spectrophotometer (Shenzhen Threenh Technology Co., Ltd., Shenzhen, China) in accor-
dance with the method described by Qian, et al. [26]. The whiteness value was calculated
according to Equation (3), and then the mean values of samples per group were calculated.

Whiteness = 100 — /(100 — L*)® + (a*)? + (b*)? 3)

2.4.9. Melanosis Ratio

The photos of the shrimp samples were loaded to Adobe Photoshop 2020 (Adobe
Systems Incorporated, San Jose, CA, USA). After eliminating the background, the black
area was identified using the Magic Wand Tool with a tolerance of 4%, and the black
pixels and the pixels of the whole shrimp were calculated. The melanosis ratio of the black
pixels to the total pixels of the whole shrimp was used to evaluate the development of
melanosis (Equation (4)).

Pixels of bl
Melanosis ratio% = - ixels of black area. x 100% (4)
Total pixels of the whole shrimp area

2.4.10. Polyphenol Oxidase Activity

The polyphenol oxidase activity was determined using the polyphenol oxidase kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The shrimp (0.1 g) was
homogenized with 1 mL extraction buffer. Then the extraction solution was mixed with
the substrate solution, and the absorbance was measured via a spectrophotometer (752 N,
Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) at 420 nm. One unit (1 U)
of PPO activity was defined as an increment of 0.01 absorbance/min. The PPO activity of
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the sample was expressed as specific activity in units of enzyme activity per mg protein
(U/mg protein).

2.5. Statistical Analysis

All experiments were conducted at least in triplicate. The one-way ANOVA procedure
followed by Duncan’s test was used by the SPSS software (p < 0.05, SPSS Version 20.0, Inc.,
Chicago, IL, USA), and the results were expressed as means + SD. The diagrams were
designed by the Origin2018 software (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. In-Vitro Analysis of the Antioxidant and Antibacterial Ability
3.1.1. Total Phenolic Content

The total phenolic contents of the preservatives are shown in Table 1. It is known that
polyphenols are a kind of bioactive compounds, which are considered to be responsible for
the antibacterial and antioxidant activity [27]. The results showed that the TPC of OEO,
TTEO, and CLEO were close to each other, while the TPC of WOEO was much lower. This
phenomenon should be related to the different predominant comp