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Abstract 
 

Effects of epigallocatechin gallate (EGCG) at 200 or 400 ppm on quality changes of 
cooked Harpiosquillid mantis shrimp (Harpiosquilla raphidea) (CHMS) meat subjected 
to varying freeze-thaw cycles (F-T-C; 0, 1, 3, and 5) were studied. With augmenting F-
T-C, the CHMS meat underwent deterioration to higher extent as indicated by 
upsurges in exudate loss, tougher texture along with increased microbial counts. The 
addition of EGCG could retard those changes in a dose-dependent manner. 
Furthermore, EGCG prevented microbial growth as ascertained by lower counts and 
total volatile basic nitrogen (TVB) content. Lipid oxidation was also impeded in the 
presence of EGCG, especially at a high concentration as evidenced by lowered 
malondialdehyde (MDA), while maintaining polyunsaturated fatty acids, particularly 
EPA and DHA when F-T-C raised. Total disulfide bond content and surface 
hydrophobicity of CHMS added with EGCG were lower than those of the control. Those 
alterations were more retarded as EGCG concentration increased. Therefore EGCG at 
400 ppm effectively prevented quality loss of CHMS meat during repeated F-T process. 

Introduction 
 

Harpiosquillid mantis shrimp (Harpiosquilla 
raphidea) (HMS) is a preferable crustacean in either 
local or global markets such as Singapore, Vietnam, 
Korea, China, and Japan (Bo et al., 2020; Lee et al., 2022). 
It has become an economically important species and is 
regarded as an excellent source of nutrients such as 
polyunsaturated fatty acids, vital amino acids, and 
vitamins. Its consumption has been rising noticeably 
each year. The volume of mantis shrimp caught from the 
sea of Thailand was approximately 700–800 tons per 
year with a value of 10.4 million USD in year 2022 
(Yarnpakdee et al., 2022). Raw HMS are prone to 
degradation associated with softened meat within a few 

days of iced storage, thus shortening shelf life and 
consumer acceptability (Lee et al., 2022; Temdee et al., 
2022a). HMS could be stored on ice for only 2 days, but 
cooked HMS (CHMS) having a core temperature of 85°C 
showed a longer shelf life (9 days) when stored at 4°C 
(Temdee et al., 2022b). Overall, both raw HMS and 
CHMS still have a short shelf life and are susceptible to 
spoilage during storage or distribution. Hence, frozen 
storage is a promising preservation method for keeping 
the quality of HMS (Shi et al., 2022).  

While frozen storage could limit bacterial activity 
and enzymatic reactions, it often causes undesirable 
physical, chemical, and structural changes in 
fish/shellfish associated with color, texture, and flavor 
alteration (Lan et al., 2020; Shi et al., 2022; Du et al., 
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2021; Zhang et al., 2021), In general, extrinsic factors 
such as freezing rate, storage temperature, freeze-
thawing condition, and distribution methods, directly 
determine and display the quality change of frozen 
seafood (Lorentzen et al., 2020; Lan et al., 2020, Yasemi, 
2017; Kingwascharapong and Benjakul, 2016). 
Furthermore, increased size of ice and recrystallization 
during repeated freeze-thawing enhance injury of 
muscle cells. The loss of cellular components is 
associated with muscle dehydration and toughened 
texture (Du et al., 2021; Du et al., 2023).  

Green tea polyphenols, as natural and non-toxic 
compounds, exhibited antioxidant and antibacterial 
properties in seafood (Tian et al., 2022; Nirmal & 
Benjakul, 2009). Catechins are the most important and 
abundant biomolecule in tea. Epicatechin (EC), 
epicatechin gallate (ECG), epigallocatechin (EGC), and 
EGCG are four major catechin derivatives in green tea (Li 
et al., 2022; Khan & Mukhtar, 2019). EGCG (400 ppm) in 
combination with squid pen chitooligosaccharides (400 
ppm) could extend shelf life of yellowfin tuna fillets 
stored at 4°C for 12 days (Singh et al., 2021). Apart from 
serving as antioxidant or antibacterial agent, EGCG 
exhibited cross-linking effect toward myofibrillar 
proteins and EGCG could improve myofibrillar protein 
gel properties (Li et al., 2021). Furthermore, EGCG aids 
in the preservation of food freshness (Sae‐leaw & 
Benjakul, 2019; Singh et al., 2021; Nirmal & Benjakul, 
2009; Mittal et al., 2021).  

EGCG from green tea could act as a natural 
antioxidant and antimicrobial agent, replacing synthetic 
antioxidants such as BHA and BHT as well as other 
antimicrobial agents. It could be applied to CHMS meat 
after peeling, followed by freezing or frozen storage. 
Also, it might retard the deterioration of CHMS during 
multiple freeze-thawing processes. However, no 
detailed information on the use of EGCG in CHMS meat 
for quality maintenance during frozen storage exists. 
The goal of this study was to elucidate the impact of 
EGCG at varying levels on the quality alteration of CHMS 
meat subjected to multiple freeze-thaw cycles (F-T-C).  
 

Materials and Methods  
 

Chemicals  
 

Ammonium molybdate, 5-5´-dithio-bis (2- 
nitrobenzoic acid) (DTNB), 1-anilinonaphthalene-8- 
sulphonic acid (ANS), bovine serum albumin, 
malondialdehyde (MDA) and sodium acid 
pyrophosphate and thiobarbituric acid (TBA) were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, 
MO, USA). Tetrasodium pyrophosphate was purchased 
from Loba Chemie Pvt. Ltd (Colaba, Mumbai, India). (-)-
epigallocatechin gallate (EGCG) was purchased from 
Chengdu Biopurify Phytochemicals Ltd., (Sichuan, 
China). Chloroform, methanol and hydrochloric acid 
were purchased from RCI Labscan (Bangkok, Thailand). 
All chemicals were of analytical grade. 

Preparation of CHMS Meat  
 

HMS weighing 58.8-66.7 g were acquired from the 
Tamalung fishing port in Satun province, Thailand. Two-
hundred live HMS were embedded in polystyrene boxes 
with iced water by the vendor and brought to the 
laboratory within 3 h. After being cleaned with fresh 
water upon arrival, HMS were steamed for 5 min using 
a steaming pot, achieving a core temperature of 85°C. 
CHMS were promptly submerged for 2 min in cold water 
(4±2°C) after steaming. Shells were manually removed 
after beheading. CHMS meat was soaked in a solution 
(1:2; w/v) comprising 2.5% NaCl, 2.625% tetrasodium 
pyrophosphate, and 0.875% sodium acid pyrophosphate 
for 2 h at 4°C and stirred every 30 min (Rattanasatheirn 
et al., 2008). Treated HMS meat was spread on a plastic 
screen for 5 min (4 °C) to allow the solution to drain off. 
The sample was labeled as ‘CHMS’.  
 
Effect of EGCG at Various Levels on Quality Changes of 
CHMS Subjected to Different F-T-C  
 

Prepared CHMS was treated without (control) and 
with EGCG at several two levels (200 and 400 ppm). A 
certain amount of EGCG was mixed with a little volume 
of distilled water and the solution was mixed with CHMS 
to obtain the desired concentration. Thereafter each 
sample was placed in a polyethylene tray (193 × 130 × 
12 mm) and inserted in LLDPE/polyamide bag (35 μm 
each) (180 × 280 mm2). The bag had a thickness of 0.070 
mm and certain gas permeability (O2 transmission rate 
at 38°C = 47.62 cm3 /m2 /day). The samples were 
vacuum-packed using an Audionvac VM203 vacuum 
sealer (Audionvac, Weesp, the Netherlands). 
Subsequently, the packed samples were frozen at -20°C 
with the aid of an air blast freezer for 24 h and 
subsequently thawed at 4°C for 12 h, in which core 
temperature was finally 0-2°C. The F-T process was 
carried out for 0, 1, 3, and 5 cycles and the obtained 
thawed samples were analyzed.  
 
pH  
 

The samples were left at room temperature for 30 
min. The meat sample (2 g) was mixed with deionized 
water (18 mL) and homogenized (11,000 rpm, 1 min) 
using a homogenizer (IKA Labortechnik, Selangor, 
Malaysia). The pHs of the homogenates were 
determined with a pH meter (Eutech Instrument-pH 
700, Eutech Instrument, Singapore) according to 
Benjakul et al. (1997).  
 
Moisture Content and Exudate Loss  
 

The approved oven drying method was 
implemented to determine the moisture content at 102-
105°C (AOAC, 1999). Exudate loss was determined, 
computed and reported as the percentage of water loss, 
relative to that of initial weight (without freeze-thawing) 
(Pastoriza et al., 1996). 
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Shear Force  
 

The texture analyzer (TA-XT2i, Stable Micro 
Systems, Surrey, England), fitted with a Warner-Bratzler 
shear apparatus, was used to examine shear force of the 
samples (Temdee et al., 2022b). The operational 
condition consisted of a cross-head speed of 2 mm/s and 
a 50 kg load cell. The fourth segment of abdomen was 
used to determine the shear force and the required 
force (N) for shearing was recorded.  
 
Color  
 

The color of samples was evaluated using a 
colorimeter (Hunter Lab, Colorflex, Reston, Virginia, 
USA) (Temdee et al., 2022b). Measurements were made 
at the dorsal portion of samples (4 to 8 segments). 
Lightness (L*), greenness/redness (a*), and 
yellowness/blueness (b*) were determined.  
 
Total Volatile Base-nitrogen (TVB-N) Content, 
Trimethylamine-nitrogen (TMA-N) Contents, Peroxide 
Value, and Thiobarbituric Acid Reactive Substances  
 

TVB-N and TMA-N contents were determined by 
the Conway method (Conway & Byrne 1933) as tailored 
by Benjakul et al. (2002). For lipid oxidation, peroxide 
value (PV) and thiobarbituric acid reactive substances 
(TBARS) values were measured (Singh & Benjakul, 2020).  
 
Total Disulfide Bond, Surface Hydrophobicity, and 
Fluorescence Intensity  
 

Before analysis, myofibrillar proteins were 
extracted from the samples (Du et al., 2021) Two grams 
of chopped CHMS were combined with 10 mL of cold 
distilled water and homogenized for 1 min. Homogenate 
was subsequently centrifuged at 14,000 g for 10 min. To 
get rid of other water-soluble proteins, the pellets were 
washed with 15 mL of cold 0.3% NaCl for 30 min at 4°C, 
followed by centrifugation as previously described. The 
precipitate was mixed with 30 ml of 0.6 M NaCl in 20 
mM Tris-maleate (pH 7.0) buffer and homogenized for 
10 sec. The homogenate was centrifuged at 14,000 g 
and 4°C for 10 min after keeping at 4°C for 1 h to extract 
myofibrillar proteins. Four volumes of cold water were 
added into the supernatant. The precipitated 
myofibrillar protein was collected by centrifugation, 
further dissolved in cold 0.6 M NaCl, and centrifuged at 
4°C (14,000 g for 5 min). The supernatant was used as 
‘myofibrillar protein’. Protein content of myofibrillar 
protein solution was determined using the Biuret assay 
and adjusted to 4 mg/ml.  

The content of disulfide bond and surface 
hydrophobicity were determined as tailored by Benjakul 
et al. (2003). The fluorescence spectrum was measured 
by RF-1501 Fluorescence Spectrophotometer 
(Shimadzu, Kyoto, Japan) according to the method of 
Matmaroh et al., (2006). Myofibrillar protein solution 

(0.5 mg/ml) was used. Excitation wavelength was 295 
nm. The emission slit was 2.5 nm. The emission 
wavelength was fixed between 310 and 400 nm and the 
spectral resolution was 1 nm.  
 
Microbiological Analysis  
 

Samples were collected aseptically and 
enumerated for total viable count (TVC), psychrophilic 
bacteria count (PBC), Pseudomonas count (PC), 
Enterobacteriaceae count (EC), hydrogen sulphide-
producing bacteria count (HSBC), and lactic acid bacteria 
count (LABC) (Olatunde et al., 2019).  
 
Fatty Acid Composition  
 

Fatty acid profile of samples were analyzed after 
the extraction of lipid from the samples using the Bligh 
& Dyer method (1959). Gas chromatography equipped 
with a flame-ionized detector was used and all analysis 
conditions as tailored by Singh and Benjakul (2020) were 
adopted. Prior to analysis, fatty acid methyl esters 
(FAMEs) were prepared. Fatty acid content was 
reported as g/100g lipid.  
 
Statistical Analysis  
 

The experiments were performed using a 
completely randomized design (CRD). Three distinct 
batches of HMS were used for the experiment. Analyses 
were also run in triplicate. Analysis of variance was used 
and mean comparison was made using Duncan's 
multiple range test. T-test was used for paired 
comparison. With the help of the SPSS software (SPSS 
11.0 for Windows, SPSS Inc., Chicago, IL, USA), statistical 
analyses were carried out.  
 

Results and Discussion  
 

Changes in pH, Moisture Content, Exudate Loss, and 
Shear Force  
 

The pHs of CHMS samples added without and with 
EGCG at two different levels after different F-T-C are 
presented in Figure 1A. The pH value of samples 
decreased with increasing F-T-C, irrespective of EGCG 
levels. At 0 cycle, the control had the higher pH, 
followed by those added with 200 and 400 ppm EGCG, 
respectively (p<0.05). Tian et al. (2022) also 
documented that pH of surimi gel from 
Hypophythalmalmichthys molitrix added with 0.01- 
0.02% EGCG was decreased with increasing F-T-C (0-6 
cycles). However, when F-T-C increased, the pH 
decreased at higher rate in the control than that of EGCG 
treated samples. Hydrolysis of neutral lipids or 
phospholipids might result in the generation of free 
fatty acids, thus causing the lower pH of the samples 
(Maqsood et al., 2014). Furthermore, during F-T process, 
particularly after thawing, microorganisms could grow 
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and degrade small organic molecules into acidic 
compounds (Tian et al., 2022; Pei et al., 2022; Guo et al., 
2014). Deamidation of asparagine or glutamine by some 
microorganisms could trigger the formation of aspartic 
acid and glutamic acid, respectively (Kempkes et al., 
2016). The decomposition of some amino acids 
mediated by the spoilage bacteria was dramatically 
reduced in the EGCG-added samples during thawing. 
According to Tan et al. (2021), pH shift attenuation 
might lessen the denaturation of myofibrillar proteins 
induced by freezing process. The pHs of the EGCG-added 
samples in the present study were more constant than 
those of the control samples, suggesting that EGCG 
might be able to lessen myofibrillar protein 
denaturation as induced by acidic conditions. As a result, 
quality of CHMS could be more maintained during 
freeze-thawing. The lower decrease in the pH of CHMS 
added with 200 ppm or 400 ppm EGCG might retard the 
change of muscle protein during frozen storage and 
thawing. 

The moisture contents of samples containing EGCG 
at varying levels as affected by various F-T-C are 
depicted in Figure 1B. With upsurge in F-T-C, lower 
moisture content was obtained, regardless of EGCG 
addition. This was more likely due to water loss of meat 
during the F-T process. Moreover, aggregation of 
protein induced by repeated F-T process could reduce 
water holding capacity of muscle proteins 
(Kingwascharapong & Benjakul, 2016; Jiang et al., 2019). 
Mechanical injury of muscle cells associated with the 
formation of ice crystals could result in the loss of 
cellular components (Jiang et al., 2019). For EGCG-
treated samples, CHMS added with 200 ppm EGCG had 
the highest moisture content during whole F-T-C 
(p<0.05). When EGCG concentration was increased to 
400 ppm, lower moisture content was noticed, 
especially after 3 and 5 F-T-C (p<0.05). EGCG at high 
level plausibly caused the myofibrillar protein to 
crosslink excessively, in which dense aggregate could 
not hold water potentially (Tian et al., 2022; Li et al., 

 
Figure 1. Change in pH (A), moisture content (B), exudate loss (C) and shear force (D) of cooked harpiosquillid mantis shrimp 
(Harpiosquilla raphidea) meat subjected to different freeze-thaw cycles in the absence and presence of EGCG (200 and 400 
ppm).  

Different lowercase letters on the bars indicate significant differences within the same sample (p<0.05). Different uppercase letters on the bars 
indicate significant differences within the same freeze-thaw cycles (p<0.05). Bars represent the standard deviation (n = 3). 
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2021). EGCG was reported as potential protein cross-
linker (Quan et al., 2020). The declining consistency and 
density of muscle are associated with poorer water-
holding capacity of muscle structure (Tian et al., 2022). 
As a consequence, CHMS was not able to adequately 
entrap water.  

Numerous F-T-C could enhance the alteration of 
textural and thermophysical characteristics of CHMS, 
which resulted in water loss or exudate formed (Figure. 
1C). At 1 and 3 F-T-C, the highest exudate loss was 
noticed in the control sample. However, in the presence 
of 400 ppm EGCG, exudate loss was reduced (p<0.05), 
particularly with 5 F-T-C. Nevertheless, similar exudate 
loss between the control and the sample incroporated 
with 200 ppm EGCG (p>0.05) after 5 F-T-C was attained. 
In general, combination of internal forces induced by 
connective tissue shrinkage and reduction in water 
holding capacity of proteins owing to denaturation 
could induce the exudate loss (Kingwascharapong & 
Benjakul, 2016). Heat was able to induce myofibrillar 
protein denaturation and collagen shrinkage, resulting 
in the tightening and stiffness of the muscle 
(Kingwascharapong & Benjakul, 2016). As a result, there 
was less water trapped inside the protein structure. 
With the aid of phosphate pretreatment, more water 
could be more retained. However, due to the repeated 
freeze-thawing, some remaining water could be leached 
out as ascertained by the augmented exudate loss. 
Increased F-T-C generally reduced the moisture content 
of CHMS (Figure 1B). Protein aggregation accelerated by 
EGCG could enhance bound water, especially via OH-
group of EGCG. Therefore, transformation of 

immobilized water to free form was restricted by dense 
protein networks.  

Figure 1D shows the shear force of samples 
without and with EGCG addition after different F-T-C. 
Normally shear force determines the firmness or 
toughness of the shrimp flesh. The control had lower 
shear force than those added with EGCG at 400 ppm 
(p<0.05) at day 0. This was probably owing to the 
increased aggregation of proteins in the presence of 400 
ppm EGCG. The shear force of all the samples up-surged 
with augmenting F-T-C (p<0.05). With 1 F-T-C, the 
highest shear force was noticed for the sample 
containing 400 ppm EGCG followed by that added with 
200 ppm EGCG. The lowest shear force was attained for 
the control (p<0.05). However, shear force was similar 
among all samples incorporated with EGCG at both 
levels and the control after 5 F-T-C (p>0.05). When F-T-
C increased, more compact muscle fibers were plausibly 
developed (Tan, et al.,2021; Han & Gokoglu, 2022; 
Kingwascharapong & Benjakul, 2016). After 5 F-T-C, the 
control without EGCG might under oxidation to higher 
extent. The oxidation products such as aldehyde, etc. 
might induce the protein cross-linking to high extent. 
This was generally associated with decreased moisture 
content (Figure. 1B) and increased exudate loss (Figure. 
1C).  
 
Changes in Color  
 

Color is a well-known market pricing influencer and 
determines consumer acceptance of the product. All 
samples without F-T process had similar L*, a*, and b* 

Table 1. Change in color, TVB, TMA, PV and TBAR of cooked harpiosquillid mantis shrimp meat subjected to different freeze-thaw 
cycles in the absence and presence of EGCG (200 and 400 ppm).  

Parameter EGCG level (ppm) 
Freeze–thaw cycles 

0 1 3 5 

Color 
 

L* 0 71.38±0.55aA 67.16±1.72bA 64.95±0.46cA 64.39±0.30cA 
 200 71.43±1.62aA 66.72±0.23bB 62.92±0.66cB 61.29±0.49cB 
 400 71.71±0.83aA 65.65±0.12bC 62.28±0.23cB 61.03±0.28dB 

a* 0 8.67±0.06aA 6.42±0.12bA 6.04±0.23cA 5.83±0.16dA 
 200 8.70±0.06aA 5.81±0.15bB 5.60±0.03cB 5.20±1.02dA 
 400 8.55±0.01aA 6.48±0.24bA 4.99±0.45cC 2.62±0.09dB 

b* 0 6.24±0.15aA 5.19±0.30bA 4.04±0.18cA 3.95±0.06cA 
 200 6.36±0.02aA 4.21±0.19bB 4.00±0.12cA 3.21±0.36dA 
 400 6.43±0.10aA 2.53±0.32bC 2.37±0.05bB 1.69±0.10cB 

TVB (mg/100g)  0 0.79±0.14cA 1.70±0.16bA 2.25±0.16aA 2.51±0.14aA 
 200 0.83±0.12cA 1.46±0.27bA 1.86±0.16abB 2.08±0.31aB 
 400 0.90±0.16bA 1.30±0.03aB 1.35±0.01aC 1.40±0.01aC 

TMA (mg/100g)  0 - - 0.66±0.08aA 0.69±0.03aA 
 200 - - 0.62±0.01aA 0.68±0.05aA 
 400 - - 0.60±0.05aA 0.64±0.02aA 

PV 
(mg cumene 
hydroperoxide/ kg) 

 0 0.23±0.05dB 0.74±0.03cA 1.02±0.13bA 1.72±0.03aA 
 200 0.45±0.05cA 0.54±0.07cB 0.95±0.03aB 1.57±0.15aB 
 400 0.47±0.01cA 0.50±0.01cB 0.84±0.05bC 1.41±0.10aC 

TBARS 
(mg MDA/kg) 

 0 0.56±0.23cA 0.60±0.17cA 1.11±0.50bA 1.31±0.55aA 
 200 0.46±0.31cA 0.58±0.55cB 1.09±0.11bB 1.23±0.23aB 
 400 0.50±0.47cA 0.53±0.51cC 0.74±0.24bC 1.10±0.35aC 

Mean ± SD (n = 3). Different lowercase superscripts in the same row indicate significant difference (P<0.05). Different uppercase superscripts in 
the same column within the same parameter tested indicate significant difference (P<0.05). 
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values (p>0.05) (Table 1). These findings showed that 
EGCG did not affect the color of CHMS (Figure 2). 
Lightness became lower (p<0.05) as F-T-C increased. The 
decline in the lightness of samples was attributable to 
the aggregation of myofibrillar protein caused by 
repeated F-T process. Moreover, protein aggregation 
might diminish free water content in meat structure, 
resulting in the lower light scattering (Li et al., 2019; Ye 
et al., 2022). When compared to the control, the EGCG-
treated samples had lower lightness as F-T-C upsurged 
(p<0.05). Among all samples, CHMS incorporated with 
400 ppm EGCG had the highest reduction in a* value 
(p<0.05) after 1 F-T-C. The formation of dark colored 
quinones produced from EGCG oxidation might take 
place during repeated F-T process (Tian et al., 2022). 
Similarly, Thanonkaew et al. (2008) found a decrease in 
L* values for cuttlefish during the first 4 weeks of frozen 
storage. For a* value, all samples without F-T process 
exhibited the same value. The a* value decreased with 
augmenting F-T-C in all samples (p<0.05). Similar result 
was observed for b* value. In general, color, particularly 
the redness and yellowness, of seafood products is 
affected by degree of lipid oxidation and astaxanthin 
degradation (Tian et al., 2022). Denaturation of 
carotenoprotein took place in HMS meat during 
cooking. As a result, free astaxanthin became dominant 
showing the orange-red color of the samples. EGCG at 
level higher than 200 ppm caused the discoloration of 
sample due to their oxidation as induced by multiple F-
T processes. Moreover, polyphenols at higher 
concentration might act as pro-oxidant (Lambert & Elias, 
2010). However, no obvious difference in color of all 
samples after 5 F-T-C was detected visually (Figure 2).  
 
Changes in TVB and TMA Contents  
 

Initial TVB-N values of the control, samples added 
with 200 ppm EGCG, and 400 ppm EGCG were 0.79, 
0.83, and 0.90 mg N/100 g, respectively. Irrespective of 

EGCG addition, TVB-N content was augmented with 
increasing F-T-C. The control had the highest TVB-N 
value (2.51 mg/100 g) (p<0.05), regardless of F-T-C. 
However, the addition of EGCG resulted in lower TVB-N 
values, especially at higher concentration of EGCG 
(p<0.05). After 5 F-T-C, the sampled containing 400 ppm 
EGCG had the lowest TVB-N (1.40 mg/100 g). In seafood 
products, volatile basic compounds are decomposed 
substances mediated by microbial action (Temdee et al., 
2022b). In CHMS, EGCG particularly at 400 ppm impeded 
the growth of spoilage bacteria. Polyphenols were 
efficient in delaying oxidation and degradation of 
proteins, particularly myofibrils (Wei et al., 2021). Thus, 
small peptides, which could be used by microorganisms, 
were also reduced.  

No TMA was detected in CHMS with F-T-C of 0 and 
1.TMA was found after 3 F-T-C (Table 1). With 
theincrease in F-T-C, TMA could be produced by bacteria 
with TMAO reductase (Benjakul et al., 2004), particularly 
during or after thawing process. In general, TMA-N 
content at 5 mg/100g is the permitted upper limit for 
shrimp (Okpala et al. 2014). EGCG had no impact on 
TMA content in CHMS, while it showed a profound 
effect on the retardation of TVB-N. Thus, EGCG might 
not be able to inhibit bacteria having TMAO reductase.  
 
Changes in PV and TBARS Values  
 

Cellular membranes of several crustaceans have 
high content of polyunsaturated fatty acids (PUFA) 
(Okpala et al., 2014). Those PUFA are prone to oxidation. 
During the freeze-thawing process, tissues or muscles 
underwent damages, thus releasing PUFA. PUFA could 
be oxidized during both thawing and frozen storage 
(Nazemroaya et al., 2009). PV frequently refers to 
primary lipid oxidation products, especially 
hydroperoxide (Okpala et al., 2014). Table 1 displays 
changes in PV of all CHMS samples as influenced by F-T-
C. PV of the control increased (p<0.05) from 0.23 to 1.72 

  
Without freeze-thawing After 5 F-T-C 

Figure 2. Pictures of cooked harpiosquillid mantis shrimp meat without (A, B, C) and with 5 freeze-thaw cycles (D, E, F) in the absence 
of EGCG (A, D), presence of 200 ppm EGCG (B, E) and 400 ppm EGCG (C, F). 
 

A B C D E F 
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mg cumene hydroperoxide/ kg when F-T-C increased 
from 0 to 5 cycles. The lowest increase in PV was 
attained in the sample incorporated with EGCG at 400 
ppm, indicating the efficacy of EGCG in the prevention 
of lipid oxidation. EGCG was reported to have radical 
scavenging activities (Singh et al., 2021; Quan et al., 
2020; He et al., 2018). In the present study, the samples 
were packaged under vacuum. Vacuum packaging could 
remove the air containing oxygen to high degree, thus 
lowering oxidation of lipids, especially those containing 
polyunsaturated fatty acids (Erikson et al., 2021). 
Vacuum packaging effectively prevented lipid oxidation 
in sturgeon and rainbow trout fillets subjected to 
multiple freeze-thawing (Du et al., 2023; Vilkova et al., 
2022).  

Similar results were obtained for TBARS value of all 
the samples (Table 1). Generally, the TBARS represent 
secondary lipid oxidation products, associated with 
rancidity and loss of product quality (Tian et al., 2022; 
Yasemi, 2017). The TBARS values of samples increased 
continuously as F-T-C upsurged. This suggested that 
CHMS was vulnerable to oxidation during freeze-
thawing (p<0.05). In many frozen marine species, lipid 
oxidation takes place as induced by various endogenous 
enzymes such as lipase, peroxidases, lipoxygenases, 
oxidases, etc. (García‐Soto et al., 2015). Some enzymes 
might be produced by microorganisms grown in CHMS 
during freeze-thawing process. Additionally, freezing 

and thawing may result in the release of prooxidants like 
Cu2+ in the hemocyanin of mantis shrimp. Hemocyanin 
is the pigment rich in copper found in crustacean blood 
(Singh & Good, 2022; Taylor & Anstiss, 1999). For the 
sample added with EGCG, lipid oxidation occurred at a 
lower extent. This mainly resulted from the excellent 
antioxidant activity of EGCG, which prevented the 
production of free radicals and interrupted their 
propagation (Pei et al., 2022). EGCG includes eight 
phenolic hydroxyl groups, which may scavenge free 
radicals and effectively terminate free radical chain 
reactions by acting as hydrogen donor (Tian et al., 2022; 
Nikoo et al., 2018; Quan et al., 2020). Overall, 
malonaldehyde levels CHMS remained lower than 2.0 
mg MDA/kg sample, which is the level that panelists 
would be unable to detect or perceive any off-flavors or 
aromas.  
 
Changes in Total Disulfide Bond Content  
 

Disulfide bond content in myofibrillar protein 
increased as F-T-C increased from 0 to 5 cycles (p<0.05) 
(Figure 3A). The content of disulfide bond in myofibrillar 
protein was lower in the presence of EGCG, regardless 
of F-T-C. This indicated that EGCG could prevent 
disulfide bond formation via oxidation of free sulfhydryl 
groups. During frozen storage, sulfhydryl groups in fish 
muscle could undergo oxidation with coincidental 

 
 

 
Figure 3. Changes in the total disulfide bone content (A), and surface hydrophobicity (S0ANS) (B) of myofibrillar proteins of cooked 
harpiosquillid mantis shrimp (Harpiosquilla raphidea) treated without and with EGCG (200 ppm, 400 ppm) and subjected to 
different freeze-thaw cycles. Different lowercase letters on the bars within the same EGCG level indicate significant differences 
(p<0.05). Different uppercase letters on the bars within the same freeze-thaw cycle indicate significant differences (p<0.05). Bars 
represent standard deviations (n=3). 
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formation of disulfide bonds (Leelapongwattana et al., 
2005). Phenolic compounds have the ability to 
transform into quinone. Quinone has the potential to 
interact with sulfhydryl groups to generate covalent C-S 
bonds. This phenomenon could diminish free sulfhydryl 
groups for further oxidation (Cao & Xiong, 2015). In 
addition, hydroxyl groups provided by EGCG might form 
hydrogen bonds with protein, thus preventing 
myofibrillar protein to align closely for development of 
disulfide bonds (Shi et al., 2017).  
 
Changes in Surface Hydrophobicity  
 

Figure 3B shows the changes in the surface 
hydrophobicity of myofibrillar protein from CHMS 
during different F-T-C. The surface hydrophobicity 
increased up to 3 F-T-C, followed by a decrease up to 5 
F-T-C. The increased surface hydrophobicity showed 
that myofibrillar protein in CHMS underwent structural 
and conformational changes during freeze-thawing, 
which could have caused the protein to unfold and 
expose the hydrophobic residues or domains (Shi et al., 
2017; Tan et al., 2022). In the presence of EGCG, 
especially at 400 ppm, the lower surface hydrophobicity 
was observed. The results suggested that EGCG could 
decrease the alteration of myofibrillar protein spatial 
arrangement. EGCG might interact with protein via 
hydrogen bonds or hydrophobic interaction. As a result, 
the unfolding of proteins could be retarded as witnessed 
by a lower increase in surface hydrophobicity. In 
addition, EGCG might attach to the exposed 
hydrophobic amino acids. On the other hand, phenolic 
compounds may cause the exposure of hydrophobic 
amino acid residues in proteins (Xu et al., 2021). Those 
exposed hydrophobic amino acids could interact with 
each other. The aggregation of unfolded protein 
molecules and the concealment of hydrophobic regions 
that had previously been exposed could contribute to 
the reduction in surface hydrophobicity towards the end 
of storage (Shi et al., 2017).  
 
Intrinsic Fluorescence Intensity (IFI)  
 

Tryptophan (Trp) is a particular aromatic amino 
acid commonly found in the interior portion of native 
proteins and it has been used to indicate the degree of 
protein unfolding. Due to the presence of Trp residues 
in both rod and head domains of myosin, intrinsic 
fluorescence measurement is frequently employed to 
assess the exposure of Trp and conformational 
alteration in myofibrillar proteins (Guo et al., 2021; Tan 
et al., 2022). Myofibrillar protein fluorescence spectra of 
samples without and with EGCG addition after multiple 
F-T-C are shown in Figure 4. The fluorescence intensity 
at 315-325 nm of all the samples decreased with 
augmenting F-T-C. The fluorescence intensity of 
myofibrillar protein in CHMS decreased to a higher 
extent for the control. In the presence of EGCG, 
myofibrillar protein fluorescence intensity was lower 

than the control, suggesting that EGCG could interact 
with myofibrillar protein, especially Trp, thus lowering 
fluorescence intensity (Tan et al., 2022). In addition, 
EGCG could interact with protein molecules in a way 
that hydrophobic domain became less exposed. 
Phenolic compounds can interact with proteins through 
some non-covalent interactions, e.g. hydrogen bonds or 
hydrophobic interaction (Tan et al., 2022; Jia et al., 
2019). With higher level of EGCG, the stronger 
interactions between protein molecules might occur. 
This could contribute to the lower exposure of Trp 
localized inside the protein molecules.  
 
Microbiological Changes  
 

Table 2 shows TVC, PBC, PC, EC, HSBC, and LABC in 
the CHMS added without and with EGCG at 200 and 400 
ppm as affected by F-T-C. The microbiological shelf life 
endpoint of the CHMS meat was 5 log CFU/g for TVC 
(Temdee et al., 2022b). For all the samples, TVC was 
below the acceptable limit at all F-T-C used. In the 
control, no difference was found in TVC (p>0.05) 
between 0 and 1 F-T-C. The highest TVC was found for 
the control than the remaining samples at all F-T-C used. 
Notably, EGCG-added samples had lower TVC (p<0.05) 
than the control, irrespective of EGCG concentration. 
The result suggested antibacterial activity of EGCG. 
CHMS prepared following the conventional procedure 
(steaming to have core temperature of 85°C) and packed 
under vacuum had shelf-life of 15 days at 4°C (Temdee 
et al., 2022b). Microbial structural integrity was 
disrupted by EGCG, which led to the leakage of 
intracellular components and functional impairment, 
thus causing the death of bacteria. EGCG also chelated 
metal ions required for various metabolic process (Tian 
et al., 2022; Klancnik, et al.,2012). Catechin (0.2%) 
inhibited bacteria growth in Pacific white shrimp via 
complexation with proteins in cell wall and lysing the cell 
wall (Nirmal & Benjakul, 2009). Phenolics generally have 
the potential to damage the cell walls of microorganisms 
(Tian et al., 2022; Klancnik, et al.,2012; Nirmal & 
Benjakul, 2009).  

PBC showed a similar trend with TVC for all 
samples (Table 2). The samples with 1 F-T-C had the 
lowest PBC, when compared to samples with higher F-T-
C (p<0.05). Sample with 5 F-T-C showed the highest PBC. 
During freeze-thawing, nutrients might be more 
released and available for the growth of psychrophilic 
bacteria in samples (Nirmal & Benjakul, 2009). 
Regardless of F-T-C, EGCG prevented the growth of 
bacteria during refrigerated storage. Therefore, the use 
of EGCG, especially at 400 ppm could retard the increase 
in PBC of CHMS during freeze-thawing process.  

PC showed a similar pattern to TVC and PBC. 
Notably, PC of sample added with 200 ppm and 400 ppm 
EGCG was less than that of the control, regardless of F-
T-C (p<0.05). Pseudomonas spp. were dominant 
bacteria causing spoilage of fish. Pseudomonas spp. 
were the specific spoilage bacteria in Pacific white 
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Figure 4. Changes in the fluorescence intensity of myofibrillar proteins from cooked harpiosquillid mantis shrimp (Harpiosquilla raphidea) 
meat subjected to different freeze-thaw cycles after treated without (A) and with EGCG at 200 ppm (B), and 400 ppm (C).  

 
 
Table 2. Changes in TVC, PBC, Pseudomonas count, hydrogen sulphide producing bacteria count, Enterobacteriaceae count and lactic acid 
bacteria count of cooked harpiosquillid mantis shrimp meat subjected to different freeze-thaw cycles in the absence and presence of EGCG 
(200 and 400 ppm). 

Microbial count (log CFU/g) EGCG level (ppm) 
Freeze–thaw cycles 

0 1 3 5 

TVC 
0 2.02±0.25bA 2.08±0.03bA 4.67±0.03aA 4.96±0.58aA 

200 1.87±0.07cB 2.05±0.28cA 4.14±0.05bB 4.54±0.87aB 
400 1.54±0.03cC 2.00±0.16cA 4.08±0.11bB 4.14±0.09aC 

PBC 
0 1.54±0.58cA 1.87±0.13cA 4.33±1.00bA 4.67±0.15aA 

200 1.54±0.40cA 1.71±0.40cB 3.97±0.58bB 4.35±0.52aA 
400 1.50±1.73cA 1.67±0.47cB 3.67±0.53bB 4.19±0.21aB 

Pseudomonas 0 1.75±1.15cA 2.07±0.58bA 4.71±1.67aA 4.94±1.33aA 
 200 1.51±1.00dB 1.95±0.43cB 4.04±0.21bB 4.57±0.73aB 
 400 1.47±0.53dB 1.53±0.15cC 3.87±0.35bC 4.21±0.58aC 

Enterobacteriaceae 0 1.05±0.05dA 1.97±0.73cA 3.10±0.51bA 3.97±0.15aA 
 200 1.00±1.00dA 1.62±0.21cB 2.30±0.73bB 3.85±0.08aA 
 400 1.05±0.53dA 1.21±0.08cC 2.00±0.05bC 3.63±0.47aA 

Hydrogen sulphideproducing bacteria  0 1.25±0.58dA 1.90±0.08cA 3.35±1.00bA 4.37±0.16aA 
200 1.20±0.47cA 1.50±0.58bB 3.18±0.53aB 3.33±0.28aB 
400 1.21±0.03dA 1.50±0.58cB 3.00±0.08bC 3.18±0.09aC 

Lactic acid bacteria 
0 ND* ND 1.53±0.21bA 3.47±0.35aA 

200 ND ND 1.30±0.47bB 3.31±0.71aB 
400 ND ND 1.31±0.35bB 3.25±0.58aB 

Mean ± SD (n=3). Different lowercase superscripts in the same row indicate significant difference (P<0.05). Different uppercase superscripts in the 
same column within the same parameter tested indicate significant difference (P<0.05). * ND = Not detected. 
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shrimp (Sae-leaw & Benjakul, 2019), European anchovy 
and sardine (Bono et al., 2017), large yellow croaker 
(Larimichthys crocea) (Pei et al., 2022), red king crab 
(Paralithodes camtschaticus) and snow crab 
(Chionoecetes opilio) (Lian et al., 2022a). The microbial 
load of 4 log CFU/g for Pseudomonas spp. was 
considered as the microbial shelf life endpoint of the 
cooked seafood product (Lian et al., 2022a). Although PC 
exceeded 104 CFU/g after 3 and 5 F-T-C, TVC was still 
lower than the limit (105 CFU/g). Thus, it was still 
acceptable for consumption. The growth of 
Pseudomonas spp. increased when F-T-C increased. 
Pseudomonadaceae are gram-negative bacteria, in 
which cell walls are mostly damaged by EGCG (Pei et al., 
2022). Superoxide is produced as a result of the OH 
moiety of EGCG dissociating H+ in solution and reducing 
oxygen with an electron on the phenol. Superoxide is 
further reduced by EGCG, resulting in the formation of 
O22-. In addition, the proton interacts with superoxide 
to generate hydrogen peroxide. The antioxidant 
phenoxy radical is produced by EGCG as an 
intermediary, leading to the generation of the quinone 
structure of the catechin (Arakawa et al., 2004; Cui et al., 
2012). Thawing process should therefore be conducted 
properly to avoid microbial growth of Pseudomonas spp. 
in CHMS. Also EGCG could help retard the growth of 
these bacteria, preventing the spoilage of HMS meat.  

EC and HSBC of the control were 1.05 and 1.25 log 
CFU/g, respectively and increased with augmenting F-T-
C. Pacific white shrimp treated with cashew leaf extract 
had lower increase in HSBC after 12 days at 4°C (Sae-
leaw & Benjakul, 2019). For both EC and HSBC, there was 
no difference in LABC when EGCG at both levels was 
added (p>0.05). Enterobacteriaceae are bacteria found 

in several seafoods, causing spoilage (Sae-leaw & 
Benjakul, 2019; Bono et al., 2017; Nirmal & Benjakul., 
2009). H2S-producing bacteria contribute to formation 
of offensive odor and cause the rejection by consumers 
(Sae-leaw & Benjakul, 2019; Nirmal & Benjakul., 2009). 
For EC, the sample added with EGCG, especially at 400 
ppm, had the lower LABC than the control for all F-T-C, 
except the samples after 5 F-T-C, which had similar 
counts for all samples. No lactic acid bacteria were 
detected in all the samples up to 1 F-T-C. However, lactic 
acid bacteria were found at 3 and 5 F-T-C in all the 
samples. Similarly, with other bacterial counts, lower 
LABC was found in samples added with 200 and 400 ppm 
EGCG than the control. The reduced LABC in CHMS 
treated with EGCG was plausibly a result of antimicrobial 
action of EGCG (Shiekh & Benjakul, 2020).  
 
Changes in Fatty Acid Composition  
 

Fatty acid composition in CHMS is shown in Table 
3. Nine saturated fatty acids (SFAs), 3 monounsaturated 
fatty acids (MUFAs) and 6 polyunsaturated fatty acids 
(PUFAs) were found in CHMS. SFAs were the most 
abundant and accounted for 44% - 59% of total fatty 
acids, followed by PUFAs (19% - 28%) and MUFAs (14% 
- 22%). The major SFAs were palmitic acid (C16:0, 17% - 
24%), stearic acid (C18:0, 9% - 15%) and myristic acid 
(C14:0, 5% - 12%). Palmitoleic acid (C16:1) was the 
predominant MUFA (6% - 12%), followed by oleic acid 
(C18:1, 7% - 9%) (Table 3). The prominent PUFAs were 
eicosapentaenoic acid (EPA, 20:5n-3, 9% - 14%) and 
docosahexaenoic acid (DHA, 22:6n-3, 7% - 9%) (Table 3). 
These findings are in line with those obtained by other 
crustacea (Lian et al., 2022b; Mili et al., 2011; Cherif et 

Table 3. Fatty acid composition of cooked harpiosquillid mantis shrimp meat in the absence and presence of EGCG (200 and 400 
ppm) before and after freeze-thawing for 5 cycles. 

Fatty acids composition 
Without freeze-thawing After 5 freeze-thaw cycles 

0 200 ppm EGCG 400 ppm EGCG 0 200 ppm EGCG 400 ppm EGCG 

C14:0 Myristic 5.87±0.12aB 5.97±0.10aB 5.14±0.40aB 12.12±0.39aA 6.37±0.05bA 6.05±0.16bA 
C15:0 Pentadecanoic 1.02±0.04aA 0.97±0.03aB 0.81±0.02bB 0.45±0.07bB 1.35±0.18aA 1.17±0.03aA 
C16:0 Palmitic 17.13±0.77bB 18.05±0.40aB 17.02±0.11bB 20.76±0.39cA 22.02±0.46bA 24.41±0.19aA 
C16:1 Palmitoleic 12.52±0.65aA 12.15±0.08aA 12.17±0.13aA 8.11±0.10aB 6.55±0.13bB 6.94±0.48bB 
C17:0 Heptadecanoic 1.43±0.03aA 1.43±0.03aA 1.38±0.01bB 0.73±0.08bB 1.10±0.03aB 1.12±0.01aB 
C18:0 Stearic 9.65±0.36aB 9.57±0.15aB 9.38±0.03aB 15.65±0.84aA 13.00±0.25bA 10.88±0.01cA 
C18:1cis Oleic 9.16±0.05aA 9.08±0.08aA 9.08±0.13aA 7.52±0.02aB 7.57±0.15aB 7.52±0.01aB 
C18:2cis Linoleic 1.63±0.02aA 1.66±0.25aA 1.61±0.05aA 1.26±0.03bcB 1.30±0.03bB 1.45±0.04aB 
C20:0 Arachidic 0.82±0.04aB 0.74±0.34bB 0.75±0.04bB 1.22±0.34cA 1.37±0.01bA 1.42±0.04aA 
C18:3 is  α-Linolenic 1.86±0.05abA 1.98±0.08aA 1.87±0.02abA 0.30±0.01cB 0.45±0.05bB 0.87±0.03aB 
C20:2 is Eicosadienoic 0.85±0.01aA 0.74±0.04bA 0.80±0.39aA 0.58±0.04aB 0.57±0.11aB 0.59±0.05aB 
C20:0 Docosanoic 0.87±0.05aB 0.89±0.01aB 0.86±0.32aB 1.46±0.02aA 1.44±0.10aA 1.45±0.06aA 
C23:0 Tricosanoic 8.40±0.08aB 8.42±0.32aB 8.55±0.11aB 11.24±0.12aA 11.15±0.15aA 11.22±0.13aA 
C22:2cis  Docosadienoic 0.38±0.05aA 0.35±0.07aA 0.35±0.14aA 0.21±0.01aB 0.19±0.04aB 0.20±0.00aB 
C24:0 Lignoceric 0.63±0.04aB 0.54±0.09bB 0.57±0.05abB 1.06±0.02bA 1.17±0.18abA 1.58±0.06aA 
C20:5 is 
EPA 

Eicosatrienoic 14.09±0.16aA 14.02±0.33aA 14.64±0.21aA 9.57±0.13bB 12.07±0.23aB 12.25±0.03aB 

C24:1cis  Nervonic 0.41±0.05aA 0.46±0.01aA 0.46±0.03aA 0.39±0.01aA 0.36±0.01aB 0.39±0.05aB 
C22:6cis 
DHA 

Docosahexaenoic 9.57±0.36aA 9.78±0.03aB 9.73±0.12aA 7.71±0.69cB 8.11±0.03bB 8.58±0.19aB 

Saturated Fatty Acid 45.82 46.58 44.46 64.69 58.97 59.3 
Monounsaturated Fatty Acid 22.09 21.69 21.71 16.02 14.48 14.85 
Polyunsaturated Fatty Acid 28.38 28.53 29 19.63 22.69 23.94 

Mean ± SD (n=3). Different lowercase superscripts in the same row within the same freeze-thawing cycle indicate significant difference (P<0.05). 
Different uppercase superscripts in the same row within the same treatment indicate significant difference (P<0.05). 
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al., 2008). After freezing and thawing for 5 cycles, SFAs 
level increased (p<0.05). Conversely, level of MUFAs and 
PUFAs decreased in samples (p<0.05). SFAs in seafood 
generally rose as storage time increased, but PUFAs and 
MUFAs decreased, suggesting hydrolysis or oxidation 
(Temdee et al., 2022b; Sae-leaw & Benjakul 2014). 
Overall, the addition of 400 ppm EGCG lowered the loss 
of MUFAs and PUFAs after 5 F-T-C. Conversely, higher 
decreases in both MUFAs and PUFAs were found in the 
control after 5 F-T-C. For control, EPA and DHA 
decreased by 32.08% and 19.43%, respectively, after 5 
F-T-C. Nevertheless, EPA and DHA decreased by 16.32% 
and 11.81%, in the sample added with 400 ppm EGCG 
after 5 F-T-C. This was in tandem with lower TBARS and 
PV of the sample added with 400 ppm EGCG after 
freeze-thawing (Table 1). EGCG has eight phenolic 
hydroxyl groups, which act as hydrogen donors, free 
radical scavengers, and potential inhibitors of free 
radical chain reactions (Tan, et al., 2021).  
 
Conclusions  
 

The addition of EGCG in CHMS meat could prevent 
the microbial growth and lipid oxidation induced by 
multiple F-T-C. The use of EGCG could decrease the 
exudate loss, especially at a higher level (400 ppm). 
Disulfide bond content, surface hydrophobicity, and 
intrinsic fluorescence index in CHMS myofibrillar 
proteins decreased with augmenting concentration of 
EGCG, regardless of F-T-C. EGCG could lower the 
reduction of MUFAs and PUFAs of CHMS meat, 
especially when F-T-C increased. Thus, EGCG could serve 
as a natural additive to retard the change of myofibrillar 
protein as influenced by repeated freeze-thawing. 
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