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Abstract

This study aimed evaluating the effects of cold plasma on the quality attributes of Pacific
white shrimp (Litopenaeus vannamei). Shrimp were divided into 4 sample groups: one
control and the remaining groups subjected to cold plasma at frequencies of 5, 10, and 15
kHz, respectively, during 10 minutes of application followed by evaluation of chemical,
physical, microbiological, and sensorial characteristics. Cold plasma contributed significantly
to the maintenance of shrimp quality during storage, delaying the melanization process,
microbial growth, improving the physicochemical and sensorial qualities of the samples.
Exposure of white shrimp to non-thermal plasma at 15 kHz promoted better physicochemical,
microbiological, and sensorial results, and increased the shelf life of samples by 5 days,
suggesting that the treatment is effective to preserve the quality of shrimp.
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1. Introduction

Shrimp is highly appreciated because of its sensory and nutritional characteristics; however,
due to some aspects of its composition such as high moisture content (between 70% and
85%), it is highly perishable with a short shelf life (Tsironi et al. 2009). This factor, coupled
with poor storage and commercialization conditions, results in rapid deterioration and a
consequent decrease in market value (Yuan et al., 2016).

Black spot, or melanose formation is among the most important processes in the deterioration
of crustaceans that cause great problems for the industry. It involves progressive blackening
of articulations and exoskeleton of these animals, particularly in the cephalothorax region by
enzymatic oxidation of phenolic compounds. Although it is harmless to consumers and is not
directly associated with microbial deterioration, melanosis affects sensory characteristics and
reduces shelf life and product quality (Gonlves & Oliveira, 2016).
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Due to this problem, the fish industry is increasingly seeking clean technologies to improve
technologies shrimp processing, aiming for competitive advantages and social concerns
regarding environmental impacts (Basseto, et al. 2017). Cold plasma is one of the clean
technologies gaining space in the food industry. Cold plasma is defined as a partially ionized
gas containing molecules and charged particles in the form of positive ions, negative ions,
free radicals, electrons, UV, and photons (Misra et al. 2011).

Atmospheric cold plasma produced by dielectric barrier discharge in air produces several
important species that can be used to inactivate a wide range of microorganisms, including
spores and viruses (Misra et al., 2011). Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in concert with UV radiation, which has already demonstrated antimicrobial
efficacy may also be beneficial in the fish industry to prolong the shelf life of fresh products
and maintain safety throughout the food chain (Smeu, & loananicolau, 2014; Gonalves,
2015).

Thus, the objective of this study was to evaluate the use of cold atmospheric plasma as an
alternative to guarantee the microbiological safety, physicochemical properties, and sensorial
quality of fresh white shrimp (Litopenaeus vannamei) during storage nitrogen 78%, oxygen
21% and argon 0.9%).
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2. Material and Methods

2.1 Raw Material and Sampling

Approximately 20 kg of fresh white shrimp (L. vannamei) with an average body weight of 10
grams and free of additives, was purchased from a farm located in State of Rio Grande do
Norte. Shrimp were weighed and separated into four sample groups: the control group and
three groups in which the items were exposed to treatment with cold plasma at 5 kHz, 10 kHz
and 15 kHz, respectively, with a contact time of 10 minutes, since the maximum frequency of
the equipment used was 15 kHz.

2.2 Plasma Generation

The cold plasma generator system was run with an dielectric barrier type (DBD)
configuration using coplanar phenolitic plates, which provide electric discharges, with
atmospheric air as the working gas, thus generating reactive oxygen species (ROS),
ultraviolet (UV) radiation, and a high electric field (Figure 1).
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Figure 1. Experimental system for cold plasma generation using atmospheric gas as ionizing
gas

Samples were placed in a Petri dish of 80 mm in diameter and 15 mm depth. During
treatment, the plasma remained at a distance of approximately 3 mm from the samples (with
no effective contact between the plasma and treated shrimp, and no localized discharges were
formed). Thus, as they were submitted to the following experimental conditions: 10 minutes
and after 5 minutes they were turned over, so that all people could receive the same treatment.
The equivalent frequency energy parameters: 5 kHz, 10 kHz, 15 kHz, respectively, and 40 kV
electrical voltage. After treatment, the sample groups were packed in sterile plastic containers
and stored at 5 +1 <C.

2.3 Quality Analysis

The following attributes were determined to evaluate the physicochemical quality of the
samples: pH, color variation during storage (Ae = [(L* - L*0)=+ (a* - a*0)=+ (b* - b*0)FY,)
using the coordinates L*, a*, and b* (‘Yuan et al., 2016), water holding capacity (Hamm, 1961,
Barbetta & Grigio, 2014), weight loss by cooking (Warris, 2003), shear force (Hamm, 1961),
nitrogen content of the total volatile bases (N-TVB), and trimethylamine nitrogen (N-TMA)
according to the protocol of LANARA (Brasil, 1981), 2-Thiobarbituric acid reactive
substances (TBARS) using the method described by Tarladgis, Watts & Younathan (1960).

2.3.1pH

The measurement of the hydrogen potential was performed by an electrometric process with
the digital pH meter of the HANNA® model HI 99163, previously calibrated. The
measurement was made in the peeled shrimp, as the equipment has a specific probe, with a
conical tip in a stainless steel blade, which helps its insertion into the muscle.

2.3.2 Color
For color determination, the Konica Minolta Portable Spectrophotometer, CM-700d / 600d
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(CIE System L* a* b*) was used, whose system considers the coordinates L * luminosity
(black / white), a* red content (green / red) and b* yellow (blue / yellow) content (Yuan et al.,
2016). The total variation of the color coordinates (Ae values), which is the amplitude of the
differences in the color coordinates of the shrimp at the beginning and during storage, were
calculated following the equation described by Yuan et al. (2016), Ae = [(L* - L* 0) =+ (a* -
a* 0) =2+ (b* - b* 0) F%.

2.3.3 Weight Losses During Cooking (WL)

Weight losses during cooking (WL) were calculated by the difference in weight of the
samples, before and after cooking, and expressed as a percentage. The treated samples were
wrapped in aluminum foil and with the aid of a thermometer, they were grilled until they
reached a temperature of 70C (Warris, 2003).

2.3.4 Shear Force

The shear force was measured using a TEXTURE ANALYZER TAXT-125, coupled to the
Warner-Bratzler device, which expresses the force in kgf/cm3Hamm, 1961).

2.3.5 N-BVT and TMA

For the analysis of N-BVT and TMA, 50 g of muscle from each treatment were weighed on
an analytical balance and, after adding 150 mL of 10% trichloroacetic acid, they were
crushed inside beakers with the aid of pistils. After being homogenized, the mixture was
filtered (quantitative filter paper 110 mm) in flat bottom volumetric flasks to obtain a clear
extract. From this extract, 5mL were removed and transferred to a digester tube, coupled to
the Tecnal® Model TE-0363 nitrogen distillation device, which contained 5mL of 2M sodium
hydroxide (NaOH) to start the distillation. In the distillation process, the distillate was
collected in an Erlenmeyer flask containing 5 ml of 0.01N hydrochloric acid and three drops
of the rosolic acid indicator, until the volume of 50 ml of a clear, fully transparent solution
was reached. Then, the clear distillate was subjected to titration of the excess acid with 0.01N
NaOH until it reached a pale pink color. This first titration refers to the value of N-BVT. To
calculate the TMA, 5mL of 16% formaldehyde were added to the resulting N-BVT solution,
so that the solution would become transparent again and a second titration with 0.01N NaOH
was carried out until the liquid turned pink again. TBARS was determined using the method
described by Tarladgis et al. (1960), to assess the triggering of the lipid oxidation process
after treatment with cold plasma. The reaction was measured on a spectrophotometer at
538nm wavelengths. The samples were analyzed in triplicate. The results of the TBARS
index were expressed in mg/kg.

2.3.6 Microbiologial Analysis

The microbiological analyzes of the samples were performed in duplicate at times 0, 1, 3, 6, 9
and 12 days of refrigerated storage at 5€ =+ 12 For these analyzes, the samples were
subjected to the techniques for determining the total count of mesophilic and psychrotrophic
bacteria and Salmonella sp. (Brasil, 2003).
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2.3.7 Quality Index Method (QIM)

The Quality Index Method (QIM) is a fish freshness quality control system aimed to evaluate
the main sensorial attributes of the evaluated species through a system of demerit points.
Although an important tool, QIM should be estimated with the support of other assessment
methods such as microbiological and physicochemical analyses (Martindd@tir et al., 2003).

The Quality Index (QI) was determined using the scheme proposed by Gonalves, Oliveira &
Abrantes (2015), where five evaluators were previously trained to evaluate shrimp samples
according to ISO 8586 standards (ISO 8586, 1993, pp. 1-10). The quality parameters
observed in the samples were included aroma, presence of melanose, texture, adherence of
the head, adhesion of the carapace, and general appearance. The QI represents the sum of all
the demerit points of a given sample, ranging from 0 to 36 (Table 1).

Table 1. QI method scheme used in this research
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Quiality Descriptio Score
paramet n
er

Fresh, smooth as seaweed
Aroma  Faint, reminiscent of sea salt

Light ammonia scent

Heavy ammonia scent, putrid

oo~ NO

Absent [0 ]
Slight, small isolated black spots, occurring in up to 50% of [2]
shrimp samples

Melanosis ~ Moderate, small isolated black spots, occurring in over 50% of [4]
shrimp samples
Moderate, larger black stains, occurring in up to 50% of shrimp [6]
samples
Heavy, larger black stains, occurring in over 50% of shrimp samples
Heavy blackening of the shrimp as a whole, occurring in 100% of
shrimp samples

——
o®

Normal
Texture Softened

Strongly adhered
Shell Mildly adhered

Weakly adhered

Strongly adhered
Head Mildly adhered

Weakly adhered

Excellent

Great
Appearance Good

Bad

Awful

Unacceptable

Boobrrdvolh VO~ VO NO

QI total 0-36

2.3.8 Data analysis

The data were subjected to analysis of variance (ANOVA), and to tests for comparison of
average, i.e. Student’s t-test and Tukey’s test, at 5% level of significance using the SISVAR
program version 5.6. For the QIM, a linear regression analysis was performed to predict the
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shelf life of shrimp, considering the maximum acceptable QI in white shrimp (L. vannamei)
as 60% of the total score, as used by Oliveira et al. (2008).

3. Results

In the quality index method (QI1M), the control group had a higher score (p < 0.05) on all storage
days when compared to shrimp samples subjected to different plasma frequencies. Plasma was
found to be efficient in maintaining shrimp quality, because the QIM scores were reduced with
the increasing frequency (Figure 2). Among the attributes assessed by the QIM, melanose
appearance contributed the most to the loss of quality in samples, mainly from the control group.

30
| —@—Control —O—5kHz --A-10kHz -4A-15kHz

25 1

20

15 1

QIM

3 6 9 12 15
Days of storage

Figure 2. Quality indices of L. vannamei, subjected to cold plasma exposure at different
frequencies, during 12 days of storage at 5 +1<C

Through linear regression analysis, it was possible to observe an increase in the shelf life of
samples with an increase in plasma frequency (Table 2). The shrimp treated with cold plasma
at a frequency of 15 kHz, presented approximately 16 days of shelf life, whereas the samples
of the control group had a shelf life of 11 days.

Table 2. Shelf life of L. vannamei shrimp subjected to cold plasma treatment, as estimated by
linear regression

Shelf life p-value

Linear regression model r2 (days)
Control y = 2.0541x + 0.2203 0.9922 11.28 0.54 ns
5 KHz y =1.6586x + 0.097 0.9747 13.52 0.15ns
10 KHz y = 1.5466x + 0.0925 0.9832 15.07 0.07
15 KHz y =1.4451x - 0.1331 0.9877 16.28 0.01

y = acceptable maximum QI (65% of the total demerit points, i.e., 23.4); x = refrigerated days;
r== regression coefficient.
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Microbiological analyses of mesophilic bacteria indicated a reduction in the contamination in
exposed samples of shrimp treated with plasma at 15 KHz, which differed statistically from
the other samples, where the count increased with the storage period reaching approximately
4 log CFU g at the end of the experiment (Figure 3).
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Figure 3. Total counts of mesophilic bacteria as a function of the storage period of
Litopenaeus vannamei with or without exposure to cold plasma

Regarding the psychotrophic bacterial counts, use of cold plasma with a power of 15 KHz
showed a significant bacteriostatic effect (p < 0.05) compared to the other treatments and the
control group, with only a few colony forming units throughout the storage period (0.6 log
CFU g -1). On the other hand, the remaining groups showed a growth trend during storage,
reaching 5 log CFU g -1 on the last day of storage in the control group (Figure 4).

7

—@— Control —O—5MHz --A-10MHz —A-15MHz
6

Psychrophilic bacteria count (log CFU g-1)

39
2
1 4
A —— A
0 T T T T T T
0 3 6 9 12 15
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Figure 4. Total counts of psychrotrophic bacteria as a function of the storage time of L.
vannamei, with or without exposure to cold plasma
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Salmonella sp. showed negative results (absence), as recommended by the Regulation and
Industrial and Sanitary Inspection of Products of Animal Origin (Brasil, 2017).

The total volatile bases (TVB) were increased during the storage period as all samples were
within the limits permitted by current legislation (Brasil, 2017). The control group presented
higher values (p < 0.05) than the other treatments, reaching 24.76 mg N 100 g* at the end of
the experiment, similar to values reported by Gonglves et al. (2015). The cold plasma
treatment had a direct effect on the production of total volatile bases in shrimp samples, with
higher frequencies of plasma yielding lower values of TVB. Samples exposed to a frequency
of 15 MHz presented the lowest values, reaching a maximum value of 12.33 mg N 100 g
(Figure 5), equivalent to 50% of the TVB value in control samples.

40 -
3 ] —e—Control —O0—5kHz -4 10kHz --a--15kHz
: [PPPOT level for good quality

[ T
[== T

TVB-N (mgN 100 g'1)

Days of storage

Figure 5. Effect of cold plasma on Nitrogen of Total Volatile Bases (N-TVB) in L. vannamei
shrimp

In relation to trimethylamine (TMA), there was no statistical difference (p > 0.05) between

the samples, with values varying from 2 to 4 mg N 100 g-1, which is the maximum limit

allowed by legislation (Brasil, 2017), as can be seen in Figure 6. Trimethylamine (TMA) is

mainly responsible for the changes in TVB values during the storage of sea fish in ice

(Mendes & Lajolo, 1975).
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Figure 6. Effect of cold plasma on Tri-methylamine Nitrogen (N-TMA) in L. vannamei
shrimp
The pH of the samples was stable until day 3 of storage, when all samples had pH between 6.1
and 6.4. From day 6, there was an increase in the control group pH, being significantly higher
than that in the samples exposed to plasma, reaching pH 7.8 at the end of the experiment.
However, samples subjected to plasma treatment maintained a stable pH, remaining within the
legislation limit (Brasil, 2017) until the end of the experiment (Figure 7).

8,9
g6 ] —#—Controll —O—5kHz -4 10kHz --a--15kHz
8.3
8
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Figure 7. Effect of cold plasma on the pH of L. vannamei shrimp

Regarding color, a gradual increase in Ae values was observed with the increase in storage
time. Plasma treatment was effective in the maintenance of the shrimp color, and the power
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of 15 MHz was the most efficient among the treatments, with the control group showing the
highest color variation during storage (Figure 8).

40
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Figure 8. Effect of cold plasma on Ae and color variation in L. vannamei shrimp

Analysis of thiobarbituric acid reactive substances (TBARS) showed no significant
differences between the treatments. The product could be considered in good condition,
presenting values below 3.0 mg of malonaldehyde/kg of sample, with lipid oxidation limits
for consumption at 7-8 mg of MA/kg in food (Cadun, Kisla & Cakli, 2008). The values for all
groups did not reach 0.5 MA/kg, and remained within the limit recommended by legislation.

Plasma treatment contributed significantly (p < 0.05) to the increase in water retention
capacity in the samples, showing a proportional relation with the sample capacity to retain
liquid, reaching a water holding capacity of 80.4% at the beginning of the experiment
samples subjected to plasma treatment at a frequency of 15 MHz, whereas the control group
had a water holding capacity of 67.1% (Table 3).

According to Freire et al. (2016), several characteristics of the product are altered through the
cooking process, including the fat and moisture contents. This consequently interferes with the
weight/volume of the food, which is an important characteristic for the last group. The lowest
weight loss occurred in plasma treated samples, and the group treated with the 15 MHz
frequency was the most satisfactory, since it was more efficient compared to the other groups,
showing an inversely proportional relation with water holding capacity.

Regarding shear force, there was no difference between the samples treated with plasma and
the control group, and the values ranged from 0.6 to 1.2 kgf/cm=The shear force of the samples
decreased with the storage period, reaching the lowest values at the end of the experiment.
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Table 3. Physicochemical characterization as a function of storage time in Litopenaeus
vannamei, exposed to cold plasma

Days of ' ' _ Plasma Frequencies
Physicochemical analysis CV (%)
storage Control 5MHz 10MHz 15 MHz

0.30Ab 0.29Aab 0.31Aba 0.29Ab
0.27Ab 0.29Aab 0.28Ab 0.27Ab
0.31Ab 0.29Aab 0.29Aab 0.31Ab
0.33Aab 0.28Ab 0.31Aab 0.34Aab 0.96
0.34 Aab 0.36 Aa 0.34 Aab 0.32 Aab

12 041Aa 036Aa 0.36Aa 0.39Aa

0 455Ab 428Abc 39.5BCd 37.1Cb

1 46.6 Abc 443 Abc 40.4Bcd 39.2 Bab

3 46.8 Abc 43.5Abbc 42.2 Bcd 40.3 Bab
6

9

TBArs (mg MDA/ kg)

© oo w +—» O

Cooking loss (%) 3.02
47.0 Abc 44.7 Abbc 41.7 Babc 41.2 Ca

49.7 Ab 46.7 Abab 44.2Bab 41.8Ca
12 541Aa 489Ba 463Ba 428Ca

0 1.2 Aa 1.2 Aa 12Aab 1.2 Aab
1 1.2Aab 1.0Aab 1.3Ab 1.3 Aa
3 0.8Abc 1.0Aab 1.0Ac 0.9 Aabc
Shear force (kgf/cm= 12.18
6 09Abc 09Aabc 0.9Abc 0.9Abcd
9 1.0Ac 07Abc 09Bbc 1.0Acd
12 0.8 Ac 0.9 Ac 0.8 Ac 0.6 Ac

AB Different upper case letters in the line indicate difference between treatments by Tukey’s
test 5%.

a.b.¢ Distinct lowercase letters in column indicate difference between storage times by Tukey’s
test 5%.

According to Freire et al. (2016), several characteristics of the product are altered through the
cooking process, including the fat and moisture contents. This consequently interferes with
the weight/volume of the food, which is an important characteristic for the last group. The
lowest weight loss occurred in plasma treated samples, and the group treated with the 15
MHz frequency was the most satisfactory, since it was more efficient compared to the other
groups, showing an inversely proportional relation with water holding capacity.

Regarding shear force, there was no difference between the samples treated with plasma and
the control group, and the values ranged from 0.6 to 1.2 kgf/cm= The shear force of the
samples decreased with the storage period, reaching the lowest values at the end of the
experiment.
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4. Discussion

Melanose, or "black spot™, is a common problem in crustaceans during storage, occurring due
to biochemical reactions catalyzed by the enzyme polyphenoloxidase (PPO) in the presence
of oxygen to form dark pigments called melanin, concentrated mainly on the cephalothorax
of the animal (Gonglves & Oliveira, 2016). According to Nirmal & Benjakul (2009), shrimp
generally have a limited shelf-life due to melanose formation, even though it is harmless to
consumers, causing a drastic reduction in the acceptance and commercial value of the
product.

The efficiency of plasma in reducing the melanization process can be explained by its
potential in reducing the enzymatic activity of polyphenoloxidase (PPO). According to
Surowsky et al. (2013), the active components generated in the formation of plasma including
UV rays and reactive oxygen species such as atomic oxygen and hydroxyls (OH), attack the
cell membrane leading to lipid unsaturation, peroxide disintegration, and protein structure
modification by the oxidation of some sensitive aromatic amino acids found in PPO that are
essential for its activity, thus delaying the melanization process.

Plasma generated through the dielectric barrier discharge system (DBD) with the use of
atmospheric air as a working gas generates UV rays, some reactive oxygen species (O3 such
as ozone (O, atomic oxygen, and depending on the humidity of the air, OH radicals (Guo,
Huang & Wang, 2015). According to Scholtz et al. (2015), such plasma-generated
compounds have a bactericidal capacity, acting directly on the cell, as with UV rays where
the incidence of the same on nucleic acids causes formation of thymine dimers that inhibit
bacterial replication capacity. In addition to UV rays, plasma-generated ozone is also reported
to reduce the microbial load in shrimp (Okpala et al., 2015).

Some studies such as that by Noriega et al. (2011), have already reported the efficiency of
cold plasma as an efficient antimicrobial agent, specifically, in reducing the psychotrophic
bacteria Listeria innocua on the surface of chicken breasts, presenting a reduction of 3.3 log
CFU g,

The effects of cold plasma as an antimicrobial agent in shrimp have not been reported, but
some work has been conducted with the application of non-thermal plasma to fish. According
to Lee et al. (2011), use of plasma with a mixture of helium and oxygen, showed a reduction
in L. monocytogenes growth in smoked salmon. Park & Ha (2015) reported that the counts of
Cladosporium sp. and Penicillium citrinum in dried fish fillets was decreased in the presence
of cold atmospheric plasma.

In the process of bacterial catabolism, volatile compounds are produced as a result of the
degradation of fish nutrients such as amino acids and trimethylamine oxide (OTMA), which
are degraded to indicators of microbial deterioration like total volatile bases (TVB), which
include ammonia and trimethylamine among others (Giannini, 2003). Therefore, the total
volatile bases, and specifically trimethylamine, are directly proportional to the level of
contamination in the samples, which could be observed in the present study.

According to Lpez-Caballero et al. (2007), crustaceans have high levels of non-protein
nitrogen, facilitating bacterial activity or some endogenous enzymes, which result in
elevation of pH during storage, through the presence of nitrogen compounds mentioned
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above, which are released in the presence of microorganisms.

According to Hsu (2017) one of the main quality parameters for determining shrimp
freshness is color, and the main factor responsible for color variation (Ae) in crustaceans
during storage is the development of melanose, a process resulting from the action of
polyphenoloxidase in the presence of oxygen. In the present study, the occurrence of
melanization was higher in the control group, explaining the higher values of Ae. The use of
cold atmospheric plasma was efficient in delaying the melanization process, consequently
resulting in lower color variations (Ae) in shrimp during storage.

For Wachirasiri et al. (2016), water holding capacity is directly associated with the pH of
meat; in samples with low pH, acidity causes rapid denaturation of proteins, consequently
decreasing the meat's ability to retain liquid. According to Carneiro et al. (2013), with
increasing pH in the muscle, proteins move away from their isoelectric point, resulting in an
increase in the net negative charge and consequently, an increase in the electrostatic repulsion
between them. This repulsion favors retention of water in the product.

According to Moreno et al. (2008), water holding capacity influences the appearance of the
sample before and during cooking, determining the juiciness at the moment of consumption.
In addition to determining the meat's ability to retain water after the application of external
forces (Muchenje et al., 2009), a low water holding capacity also promotes loss of nutritive
value and results in the production of a dry sample with compromised softness (Moreno et al.,
2008), because protein denaturation occurs in this process (Gofi, & Salvadori, 2010).

5. Conclusions

Exposure of white shrimp (Litopenaeus vannamei) to cold plasma at a frequency of 15 KHz
and a contact time of 10 minutes promoted better physical, chemical, microbiological, and
sensorial qualities of the shrimp, prolonging their storage time by 5 days. It may thus be
suggested as an effective treatment for shrimp quality maintenance.
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