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Abstract The effects of 10-MeV E-beam (0, 1, 3, 5, and
7 kGy) irradiation and vacuum packaging on extending the
shelf-life of grass carp surimi stored at 4 °C were evaluated
basing on the total viable counts (TVC), physiochemical 2-
thiobarbituric acid reactive substance (TBARS), total base
nitrogen (TVB-N), biogenic amines (BAs), texture (TPA)
and color, and sensory changes in surimi samples. The results
showed that comparing the control samples, the TVC and
TVB-N content in surimi were significantly (p<0.05) de-
creased by irradiation with different doses. Irradiation signif-
icantly (p<0.05) inhibited the increase of putrescine (PUT),
cadaverine (CAD), histamine (HIM), and tyramine (TYM)
contents during storage. However, these parameters were sig-
nificantly (p<0.05) increased with storage time. After irradi-
ation, the samples generally had higher lightness and lower a*

and b* values and lower hardness and chewiness significantly
(p<0.05). Based on the sensory analysis, unfavorable ‘metal
odor’ or ‘irradiated odor’ was observed in surimi irradiated at
5 and 7 kGy.
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Introduction

Grass carp (Ctenopharyngodon idellus) is one of the most
economically important species of cultured fish, and the

amount of its product in China was approximately 4.08
million tons, constituting 21.4 % of the total freshwater-
farmed fish annual output (Chu et al. 2010). Fish surimi is
a high-protein and low-fat food that has a unique texture
and taste. It is also a value-added food produced from
low-cost fish (Venugopal and Shahidi 1995). Like all fish
products, surimi is susceptible to microbial spoilage and
autolytic degradation (Teixeira et al. 2014). Currently, fro-
zen storage is commonly used to reduce spoilage and
biochemical degradation. However, undesirable changes
in color, flavor, and texture may occur during frozen stor-
age (Osako et al. 2005). Therefore, surimi requires appro-
priate preservation approaches to extend its shelf-life. Ad-
ditionally, the consumer preference for minimally proc-
essed and additive-free foods has triggered the develop-
ment of novel processing and preservation methods, i.e.,
E-beam irradiation.

E-beam is a non-thermal physical technology that inacti-
vates microorganisms and enzymes by radiation. The advan-
tages of E-beam include no chemical residues and short pro-
cessing times (Li et al. 2015). Additionally, E-beam irradiation
uses electricity, as opposed to radioisotopes (60Co or 137Cs) to
generate ionizing energy. Therefore, E-beam is a controllable
food processing application. Nonetheless, the application of
E-beam irradiation in food is restricted in food due to its lim-
ited penetration capability (Farkas and Mohacsi-Farkas 2011).
To broaden the application of E-beam in food industry, 10-
MeV electron linear accelerator has been commonly utilized.
A 10-MeV electron linear accelerator (power >10 kW) can
penetrate deeper into food products than a 5-MeV electron
linear accelerator, making it a suitable processing method for
high-density food products.

Many studies reported that E-beam irradiation has the
potential to prolong the shelf-life of fishery product with-
out affecting the edible quality and nutritional value
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(Medina et al. 2009). E-beam irradiation suppresses the
formation of biogenic amines in fresh trout stored at
3.5 °C (Krizek et al. 2012) and does not significantly
affect the color of fresh salmon fillet (Yagiz et al. 2010).
At low-dose irradiation levels, E-beam can reduce the
number of pathogenic bacteria (Arvanitoyannis et al.
2009). Additionally, vacuum packaging is widely used
in food preservation because it inhibits oxidation. Low-
dose irradiation combined with vacuum packaging ex-
tends the shelf-life and maintains the quality of Atlantic
salmon fillets (Yang et al. 2014a, b). Therefore, E-beam
combined with vacuum packaging can potentially extend
the shelf-life of surimi.

The effects of E-beam irradiation on the microbial in-
activation in surimi (Jaczynski and Park 2003) and on the
texture characteristics, 2-thiobarbituric acid value, and to-
tal volatile basic nitrogen content in Alaska Pollock suri-
mi have been reported (Jaczynski and Park 2004). How-
ever, the shelf-life of irradiated and vacuum-packaged
grass carp surimi has not been documented. This study
evaluated the effects of E-beam irradiation combined with
vacuum packaging on the shelf-life, microbial activity,
biogenic amine content, chemical parameters, texture, col-
or, and sensory characteristics of grass carp surimi during
storage at 4 °C.

Materials and Methods

Fish Sample and Surimi Preparation

A total of 12 fresh grass carps (12 fish, 15 kg) were purchased
from a local market (Century Mart, Hangzhou, China). The
grass carps were de-gutted, peeled, eviscerated, washed with
deionized water, and minced. The surimi paste was homoge-
nized for 2 min with 20 g/kg salt. Proximate composition
analyses of fish samples were carried out by the following
AOAC methods (AOAC 2005). The compositions of surimi
were 77.92±0.21 % moisture, 17.76±0.39 % protein, 0.21
±0.02 % carbohydrates, 0.8±0.39 % fat, and 1.23±0.02 %
ash. Subsequently, a number of 360 samples were transferred
into 360 polyvinylidene chloride dishes (1 cm thick and
3.5 cm diameter) and individually vacuum-packaged in 120
polythene bags (9.3 mL O2/m

2/24 h at 0 °C) (Yang et al.
2014a, b) and stored at 4 °C prior to irradiation treatment.

E-Beam Treatment

The samples were transported in dry ice to an E-beam
facility located in Shanghai Academy of Agricultural Sci-
ences within 2 h. The samples were subjected to E-beam
irradiation at the dosage of 0 (control), 1, 3, 5, and 7 kGy
at ambient temperature using a 10-Mev electron linear

accelerator (ESS-010-03, IHI Co., Tokyo, Japan). For
the determination of the actual absorbed dose, one dosim-
eter was attached to the surface and another was attached
to the bottom of each sample prior to irradiation. Based
on the dosimeter data, the actual doses absorbed by the
samples were determined to be 0 (control), 1.13, 3.26,
5.87, and 7.68 kGy. After irradiation, all surimi samples
were transported in dry ice back to the laboratory. The E-
beam-treated samples were stored at 4 °C for 0, 3, 6, 9,
and 12 days prior to analyses. All treatments were per-
formed in triplicate.

Biogenic Amine Analysis

Eight biogenic amines (BAs), i.e., putrescine (PUT), cadaver-
ine (CAD), histamine (HIM), spermine (SPM), spermidine
(SPD), tyramine (TYM), tryptamine (TRM), and phenyleth-
ylamine (PHM), were analyzed using a Waters Nova-pack
C18 column (Ozogul et al. 2002) with internal standard. Irra-
diated surimi (2 g) was homogenized with 20 mL hydrochlo-
ric acid solution (0.1 mol/L) containing 0.2 % TDPA, centri-
fuged at 10,000g for 10 min at 4 °C, and subjected to deriva-
tization with dabsyl chloride (Ozogul et al. 2002). Chromato-
graphic separation was performed using a gradient elution of
ammonium acetate (0.1 mol L−1, solvent A) and acetonitrile
(100 %, solvent B) (min/%A: 0/50, 25–35/10, 35–45/10, 45–
60/50). Flow rate was 0.9 mL/min. The column temperature
and detection wavelength were 30 °C and 254 nm, respective-
ly. BA standards (phenylethylamine, tryptamine, putrescine,
cadaverine, histamine, tyramine, spermidine, spermine) were
purchased from Hitachi Limited (Tokyo, Japan). All experi-
ences were performed in triplicate.

Total Volatile Basic Nitrogen Analysis

Total volatile basic nitrogen (TVB-N) was measured by the
micro-diffusion method (Antonacopoulos and Vyncke 1989;
Santos et al. 2013). Irradiated surimi (5 g) was homogenized
with 250 mL deionized water. Three drops of methyl silicone
oil and 2 g of magnesium oxide were added. A steam distil-
lation process was performed in a Micro-Kjeldahl unit. The
resulting distillate was titrated with 0.05 M HCl. TVB-N was
expressed as milligrams of nitrogen per 100 g of E-beam-
treated surimi:

%mgTVBN ¼ V � C � 14� 100ð Þ=10

Thiobarbituric Acid Reactive Substances

Thiobarbituric acid reactive substances (TBARS) were deter-
mined by the method reported by Gomes et al. (2003). A pink
complex formswhen two thiobarbituric acid (TBA)molecules
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react with one malondialdehyde (MDA) molecule. Absor-
bance was measured at 535 nm. TBARS were expressed as
milligrams of MDA per kilogram of sample.

Microbiological Analysis

Total viable count (TVC) was determined by the pour plate
method (Goulas and Kontominas 2007). Surimi sample (5 g)
was transferred aseptically to a sterile bag and homogenized
with 45 mL of sterile 0.85 % NaCl solution for 120 s in a
BagMixer (400VW, Interscience, Bretèche, France). The ho-
mogenized sample was serially diluted (1:10); 1 mL of each
dilution (10−3, 10−4, 10−5) was spread on a plate count agar,
which was incubated at 30 °C for 72 h. TVC was determined
by counting the colony-forming units.

Textural Profile Analysis

Textural profile analysis (TPA) was performed on a Textual
Analyzer (TA-XT2i, Scientific, Measuring systems,
Middlesex, UK) coupled with a probe (SMS-P/5) (Kudre
and Benjakul 2014). The parameters included a speed of
3 mm/s, a compression range of 5 mm, and a compression
time interval of 5 s. The collected data was analyzed by Tex-
tual Expert Exceed version 1.22. Prior to TPA, the samples
were placed at ambient temperature for 1 h. Each sample was
analyzed for six times

Color Evaluation

Whiteness was determined in a HunterLab (CM-400d, Konica
Minolta, Tokyo, Japan). L* (lightness), a* (redness/greenness),
and b* (yellowness/blueness) parameters were measured.
Whiteness was calculated by the following equation,

Whiteness ¼ 100− 100−L*
� �2 þ a*2 þ b*2
h i1=2

Sensory Analysis

Sensory analysis was carried out as reported by Manju
et al. (2007). An aliquot of 10 g of each sample was
boiled for 15 min and cooled down to ambient tempera-
ture for sensory analysis by five highly trained panelists.
Sensory testing was conducted in the sensory laboratory
equipped with a round table for training sessions in the
morning (10.00–12.00). Panelists scored for color, odor,
flavor, general acceptability, and texture using a nine-
point hedonic scale (1, dislike extremely to 9, like ex-
tremely). A sensory score of 5 represented the borderline
of acceptability. All testings were performed in triplicate.

Statistical Analyses

All experiments were performed in triplicate. Data were
expressed as mean± standard deviation (SD) and analyzed
by one-way analysis of variance (ANOVA) using SPSS
19.0. Statistical significance was set to p<0.05.

Results and Discussion

BAs

BAs, which are produced by the action of microbial and
endogenous amino acid decarboxylase enzymes, may
cause adverse health problems in consumers. Eight BAs
were evaluated in this study (Table 1). Most BAs were
significantly (p< 0.05) affected by E-beam treatment and
storage time. Irradiation at 1, 3, 5, and 7 kGy significantly
(p< 0.05) decreased PUT, CAD, HIM, and TYM contents.
On the other hand, SPM, SPD, and TRM contents were
not significantly affected by E-beam treatment (p> 0.05).
Phenylalanine (PHE) was not detected in either the con-
trol or irradiated samples at 0 day. After 3 days of storage,
the PHE contents of surimi samples irradiated at 5 and
7 kGy were 0.11 ± 0.05 mg/100 g and 0.17 ± 0.03 mg/
100 g, respectively; however, PHE was not detected in
samples irradiated at 0, 1, or 3 kGy. On the other hand,
during storage, total BA content significantly (p< 0.05)
increased with time. The total BA content of the control
samples increased from 6.68 ± 1.19 mg/100 g (day 0) to
58.15 ± 7.58 mg/100 g (day 12). In the irradiated surimi
samples, the maximum total BA content was 15.75
± 1.35 mg/100 g at 1 kGy and the minimum total BA
content was 10.35 ± 1.66 mg/100 g at 7 kGy.

At the beginning of storage, CAD and SPMwere the major
BAs (62 % of the total amount of BAs) in the control samples.
During storage, PUTand HIM rapidly increased. At the end of
storage, PUT, CAD, HIM, and TYM were the major BAs in
both the control (>90%) and the irradiation-treated samples
(>60%). Zhang et al. (2013) also reported that PUT, CAD,
and TYM were the main BAs in silver carp sausage during
storage. Similar results have been reported in black carp mus-
cle (Fan et al. 2014).

HIM and TYM are toxic compounds. The maximum
tolerance level of HIM is 100–200 mg/kg in different fish
species in the European Union (Mohamed et al. 2009). In
China, the maximum recommended level of 300 mg/kg
for HIM has been established in fish (Wang et al. 2015);
however, no specific legislation exists in China regarding
surimi. PUT and CAD are considered to be potentially
toxic to consumers (Shalaby 1996). HIM, TYM, PUT,
and CAD contents in the irradiated group were signifi-
cantly lower than those in the control group, which could
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be attributed to the synthesis of free radicals, which affect
the structure (Ozden et al. 2007; Ozogul and Ozden 2013)

and activity of microbial enzymes (Fig. 1). The results
revealed that irradiation (1, 3, 5, and 7 kGy) inhibited

Table 1 Biogenic amine (BA)
content (mg/100 g) of vacuum-
packaged grass carp surimi
irradiated at different doses and
stored at 4 °C

BAs Group Storage time (days)

0 3 6 9 12

PUT Control 0.55 ± 0.13Aa 4.95 ± 0.75Ba 15.94 ± 1.47Ca 15.10 ± 1.55Ca 17.79 ± 2.74Ca

1 kGy 0.35 ± 0.12Ab 0.85 ± 0.14Ab 1.89 ± 0.29Bb 3.74 ± 0.29Cb 4.84 ± 0.54Cb

3 kGy 0.28 ± 0.07Abc 0.74 ± 0.06Bb 1.13 ± 0.28Bc 2.03 ± 0.28Cc 4.61 ± 0.70Db

5 kGy 0.15 ± 0.04Ade 0.66 ± 0.15ABb 1.06 ± 0.34Bc 1.76 ± 0.34Ccd 3.59 ± 0.51Db

7 kGy 0.14 ± 0.06Ace 0.65 ± 0.09Ab 1.02 ± 0.40Ac 1.53 ± 0.41Bd 3.04 ± 0.41Cc

CAD Control 2.16 ± 0.28Aa 8.26 ± 1.08Ba 9.22 ± 2.82Ca 10.83 ± 1.17Ba 15.54 ± 1.06Ba

1 kGy 0.88 ± 0.34Ab 3.53 ± 0.46Bb 8.16 ± 1.80Cb 6.55 ± 0.48CDb 5.67 ± 0.48Db

3 kGy 0.78 ± 0.16Ab 1.27 ± 0.49Acd 5.38 ± 1.12Bc 4.32 ± 1.12Bc 4.07 ± 0.61Bbc

5 kGy 0.61 ± 0.21Ab 0.84 ± 0.42Ad 3.57 ± 0.53Bcd 2.31 ± 0.62Cd 3.43 ± 0.30Bbc

7 kGy 0.27 ± 0.12Ab 0.74 ± 0.26Ad 2.58 ± 0.45Bd 2.67 ± 0.45Cd 2.34 ± 0.20Bbc

HIM Control 0.42 ± 0.11Aa 1.84 ± 0.27Aa 4.86 ± 0.34BCa 6.47 ± 1.01Ca 10.79 ± 0.82Ca

1 kGy 0.31 ± 0.07Aab 0.51 ± 0.09ABb 0.73 ± 0.13Bb 0.85 ± 0.14Bb 1.03 ± 0.15Cb

3 kGy 0.25 ± 0.10Abc 0.30 ± 0.05Abc 0.36 ± 0.10Bbc 0.35 ± 0.10Ab 0.42 ± 0.09Ab

5 kGy 0.21 ± 0.18Acd 0.18 ± 0.03Ac 0.35 ± 0.07Bc 0.38 ± 0.12Bb 0.39 ± 0.06Bb

7 kGy 0.12 ± 0.13Acd 0.19 ± 0.05ABc 0.33 ± 0.08Cc 0.29 ± 0.09BCb 0.30 ± 0.07BCb

SPM Control 2.01 ± 0.40Aa 1.80 ± 0.56Aa 1.36 ± 0.17Ba 1.71 ± 0.29Ba 1.98 ± 0.54Ba

1 kGy 1.90 ± 0.36Aa 1.89 ± 0.26Aa 1.35 ± 0.16Ba 1.59 ± 0.40Aa 1.83 ± 0.57Aa

3 kGy 1.84 ± 0.41Aa 1.73 ± 0.29Aa 1.38 ± 0.17Aa 1.75 ± 0.10Aa 1.67 ± 0.36Aa

5 kGy 1.77 ± 0.21Aa 1.86 ± 0.41Aa 1.41 ± 0.12Aa 1.50 ± 0.41Aa 1.74 ± 0.33Aa

7 kGy 1.61 ± 0.34ABa 1.80 ± 0.46Aa 1.09 ± 0.27Ba 1.63 ± 0.25ABa 1.64 ± 0.32ABa

SPD Control 0.90 ± 0.16Aa 1.79 ± 0.19BCa 1.48 ± .15Ba 1.80 ± 0.22BCa 2.10 ± 0.39Ca

1 kGy 0.92 ± 0.25Aa 1.73 ± 0.13BCa 1.41 ± 0.17Ba 1.69 ± 0.13BCa 1.99 ± 0.40Ca

3 kGy 0.84 ± 0.27Aa 1.67 ± 0.32BCa 1.44 ± 0.14Ba 1.68 ± 0.16BCa 1.91 ± 0.34Ca

5 kGy 0.89 ± 0.22Aa 1.74 ± 0.10Ba 1.46 ± 0.12Ba 1.61 ± 0.17Ba 1.80 ± 0.29Ba

7 kGy 0.82 ± 0.11Aa 1.76 ± 0.16Ba 1.34 ± 0.19Ba 1.60 ± 0.33Ba 1.73 ± 0.42Ba

TYM Control 0.77 ± 0.11Aa 3.11 ± 1.04ADa 5.81 ± 1.87BCa 7.31 ± 1.71Ca 8.33 ± 1.14Da

1 kGy 0.48 ± 0.06Ab 0.59 ± 0.13ABb 0.78 ± 0.17Bb 0.57 ± 0.16ABb 0.45 ± 0.14Ab

3 kGy 0.33 ± 0.08Abc 0.37 ± 0.09Ab 0.54 ± 0.16Bb 0.40 ± 0.14Ab 0.35 ± 0.07Ab

5 kGy 0.23 ± 0.09Acd 0.24 ± 0.08Abc 0.37 ± 0.14Abc 0.27 ± 0.10Ab 0.22 ± 0.06Ab

7 kGy 0.18 ± 0.03Ad 0.16 ± 0.02Ac 0.23 ± 0.07Ac 0.20 ± 0.08Ab 0.17 ± 0.05Ab

TRM Control NDAa NDAa 0.28± 0.06Ba 0.29 ± 0.11Ca 0.94 ± 0.22Ba

1 kGy NDAa NDAa 0.24± 0.10Ba 0.28 ± 0.06Ba 0.78 ± 0.14Ca

3 kGy NDAa NDAa 0.20± 0.07Ba 0.26 ± 0.10Bb 0.72 ± 0.08Ca

5 kGy NDAa NDAa 0.19± 0.08Ba 0.25 ± 0.12Ba 0.43 ± 0.09Cb

7 kGy NDAa NDAa 0.17± 0.06Bb 0.27 ± 0.14Ba 0.35 ± 0.12Cc

PHM Control NDAa NDAa NDAa 0.60± 0.10Ba 0.77 ± 0.15Ca

1 kGy NDAa NDAa NDAa 0.39± 0.12Bb 0.65 ± 0.10Cab

3 kGy NDAa NDAa 0.14± 0.06Bb 0.35 ± 13Cbc 0.60 ± 0.08Dbc

5 kGy NDAa 0.11 ± 0.05Aa 0.16 ± 0.07ABb 0.24 ± 0.07Bbc 0.49 ± 0.09Dcd

7 kGy NDAa 0.17± 0.03Aa 0.18 ± 0.05Ab 0.19 ± 0.08Ac 0.38 ± 0.07Cd

PUT putrescine, CAD cadaverine, HIM histamine, SPM spermine, SPD spermidine, TYM tyramine, TRM trypt-
amine, PHM β-phenylethylamine, ND not detected
a–e Mean ± SD; different letters represent significant differences (p< 0.05)
A–DMean± SD; different uppercase letters represent significant differences (p< 0.05)
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BA formation during storage. Similarly, Krizek et al.
(2012) reported that trout flesh subjected to E-beam and
vacuum packing had lower PUT, CAD, and TYM con-
tents than the non-irradiated samples.

TVC

As shown in Fig. 1, TVC decreased with irradiation in a dose-
dependent manner. On day 0, the TVC of the control group
was 5.12 log CFU/g. After treatment with 1, 3, 5, and 7 kGy
E-beam irradiation, the TVC decreased to 3.46, 2.79, 1.27,
and 0.63 log CFU/g, respectively. The control samples had a
TVC of 7.23 log CFU/g after 3 days of storage, which was
higher than the recommended acceptable limit for fish prod-
ucts (7 log CFU/g) (Chouliara et al. 2005). However, TVC of
irradiated surimi samples was <7 log CFU/g. After 9 days of

storage, TVC of the 1 kGy-irradiated surimi sample reached
7.32 log CFU/g. After 12 days of storage, TVC increased to
9.62 log CFU/g in the control sample, 8.32 log CFU/g in 1-
kGy, 6.73 log CFU/g in 3-kGy, 4.48 log CFU/g in 5-kGy, and
2.27 log CFU/g in 7-kGy irradiated samples. The results re-
vealed that irradiation combined with vacuum packaging is
effective for the inhibition of microbial growth. Previous stud-
ies have reported that E-beam irradiation at 2 kGy was effec-
tive in decreasing TVC below 3 log CFU/g in chicken after
14 days of storage at 4 °C (Adu-Gyamfi et al. 2008). TVC in
minced meat prepared from pork and beef was significantly
reduced by irradiation and vacuum packaging (Farkas and
Andrássy 1993).

TVB-N

TVB-N is an indicator of the degree of spoilage in fish prod-
ucts and mainly results from bacterial growth and endogenous
enzymes (Fan et al. 2009). TVB-N values of 5–20 mg N per
100 g are indicative of good quality, whereas values of 30–
35 mg N/100 g are generally regarded as the limit of accept-
ability (Papadopoulos et al. 2003). At day 3 of storage
(Table 2), TVB-N decreased significantly in the irradiation
group. The initial TVB-N value in the control group was
14.80 mg/100 g. After 12 days of storage, TVB-N was
41.44 mg/100 g in the control sample, 30.03 mg/100 g in 1-
kGy, 26.15 mg/100 g in 3-kGy, 20.72 mg/100 g in 5-kGy, and
21.36 mg/100 g in 7-kGy irradiated samples. After 12 days of
storage, TVB-N of surimi sample was significantly high in
both control and irradiated groups. TVB-N formation in suri-
mi can be significantly decreased (p<0.05), which may be
due to inhibition of microbial counts and enzyme activity
caused by irradiation and vacuum packaging. Moreover, the

Fig. 1 Total viable count (TVC) of vacuum-packaged grass carp surimi
irradiated at different doses and stored at 4 °C

Table 2 Total volatile basic nitrogen (TVB-N) content and TBARS values of vacuum-packaged grass carp surimi irradiated at different doses and
stored at 4 °C

Dose Storage time (day)

0 3 6 9 12

TVB-N, mg/100 g Control 14.80 ± 0.75Aa 24.10 ± 1.35Ba 32.80± 1.87Ca 36.44 ± 1.72CDa 41.44 ± 3.13Da

1 kGy 14.99± 0.95Aa 19.83 ± 1.38Bb 23.32± 2.13Bb 27.16 ± 2.14BCb 30.28 ± 2.65Cb

3 kGy 14.00± 0.87Aa 18.61 ± 1.23Bbc 22.87 ± 1.65Cb 24.38 ± 1.82CDb 26.15 ± 1.34Db

5 kGy 15.06± 1.12Aa 16.20 ± 1.17Ac 17.32± 1.18ABc 19.81 ± 1.76ABc 20.26 ± 1.62Bc

7 kGy 14.60± 0.79Aa 15.41 ± 0.97Ac 16.13± 1.54Ac 18.56 ± 1.19ABd 21.36 ± 1.22Bc

TBARS, mg/100 g Control 0.24 ± 0.02Aa 0.27 ± 0.01Aa 0.33 ± 0.06Ba 0.38 ± 0.03Ba 0.46 ± 0.04Ca

1 kGy 0.34± 0.01Ab 0.38 ± 0.01Ab 0.41 ± 0.02Ba 0.45 ± 0.08Bb 0.54 ± 0.02Cab

3 kGy 0.39± 0.04Ab 0.33 ± 0.02Ab 0.50 ± 0.08Bb 0.55 ± 0.05Cb 0.58 ± 0.03Cb

5 kGy 0.36± 0.05Ab 0.37 ± 0.04Ab 0.52 ± 0.06Bb 0.59 ± 0.03Cbc 0.65 ± 0.08Cc

7 kGy 0.38± 0.02Ab 0.43 ± 0.02Bc 0.54 ± 0.04Bb 0.65 ± 0.05Cc 0.71 ± 0.08Cc

a–eMean± SD; different letters represent significant differences (p< 0.05)
A–DMean± SD; different uppercase letters represent significant differences (p< 0.05)
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low temperature decreased the capacity of bacteria for oxida-
tive deamination of nonprotein nitrogen compounds (Banks
et al. 1980). The inhibition of TVB-N formation was also
observed in salmon fillet (Yang et al. 2014a, b).

TBARS

There was a dose-dependent and significant increase in
TBARS in all samples during storage (Table 2). Different
from the TVC and TVB-N results, higher levels of TBARS
were obtained in irradiated than in control samples. The initial
TBARS value (in mg MDA equivalents/kg) was 0.24 in the
control sample, 0.34 in 1-kGy, 0.39 in 3-kGy, 0.36 in 5-Gky,
and 0.37 mg in 7-Gky irradiated samples. At the end of stor-
age, the control group had 0.46 mg MDA equivalents/kg ver-
sus 0.54 mg MDA equivalents/kg in the irradiation group.
This can be caused by lipid oxidation induced by hydroxyl
radicals generated by ionizing irradiation and the formation of
carbonyls, decomposition of peroxides, and the interaction
compounds with nucleophilic molecules (Aubourg et al.
2004). Similarly, Hocaoglu et al. (2012) reported that shrimp
irradiated with 1, 3, and 5 kGy had higher TBARS than the
control sample; after a 3-day storage period, TBARS of the

control sample increased from 1.21 mg/kg to 7.28 mg per kg.
Park et al. (2010) observed that TBARS of beef sausages
irradiated at 5, 10, and 15 kGy were higher than those of the
control group.

TPA and Color Attributes

Texture is an important attribute of grass carp surimi quality.
There were significant differences (p<0.05) in hardness and
chewiness between the irradiated and control groups; howev-
er, there were no significant differences (p>0.05) in springi-
ness, cohesiveness, and adhesiveness until day 3 of storage
(Table 3). Hardness and chewiness were significantly
(p<0.05) lower in the irradiated group than in the control
group (Table 4). During storage, hardness, springiness, and
chewiness decreased, probably due to protein degradation
and muscle firmness reduction (Xu et al. 2014).

L*(lightness), a*(redness/greenness), b*(yellowness/blue-
ness), and whiteness of the control and irradiated surimi sam-
ples are shown in Table 2. With increasing irradiation dose, L*

and whiteness increased; however, the increase in whiteness
was not significant up to 3 kGy. During storage, L* and white-
ness decreased in all samples (p<0.05). L* and whiteness in

Table 3 Color parameters (L*, a*, b*, and whiteness) of vacuum-packaged grass carp surimi irradiated at different doses and stored at 4 °C

Color Group Storage time (days)

0 3 6 9 12

L* Control 66.69 ± 0.9Aa 62.29 ± 1.3Ba 60.89 ± 0.66Ba 58.36± 0.10Ca 56.08 ± 2.02Ca

1 kGy 69.40 ± 0.54Ab 68.12 ± 0.15Ab 63.33 ± 1.26Bb 60.34± 1.17Ca 60.99 ± 0.29Cb

3 kGy 69.89 ± 0.74Ab 67.09 ± 1.19Ab 62.56 ± 1.77Bab 61.34 ± 0.90Ba 59.96 ± 8.29Ba

5 kGy 71.92 ± 0.21Ab 68.78 ± 0.94Ab 67.36 ± 0.17Bbc 62.32 ± 0.92Ca 61.38 ± 0.18Cb

7 kGy 69.12 ± 0.37Ab 68.39 ± 0.42BBb 65.84 ± 2.02Bc 61.13± 0.90DCb 60.15 ± 0.74Db

a* Control 0.7 ± 0.16Aa −1.23± 0.24BDa −1.15± 0.07BDa −1.25 ± 0.09Bab −0.98 ± 0.09Da

1 kGy 0.3 ± 0.08Ab −1.65± 0.04Bb −1.16± 0.03Ca −1.29 ± 0.04Da −1.13 ± 0.12Ca

3 kGy −0.66± 0.17ACc −1.74± 0.05Bb −0.99± 0.21ACa −1.01 ± 0.31Cbc −1.04 ± 0.33Ca

5 kGy −1.2 ± 0.16ACd −1.68± 0.03Bb −0.99± 0.07Ca −1.43 ± 0.06ABa −1.66 ± 0.14ACb

7 kGy −1.66± 0.14Ae −1.67± 0.39Ab −1.64± 0.12Bb −1.72 ± 0.24Bc −1.74 ± 0.15Ab

b* Control 2.09 ± 0.14Aa 3.01 ± 0.43Ba 3.71 ± 0.13Ba 3.78 ± 0.10Bac 5.35 ± 0.15Cac

1 kGy 1.72± 0.15Ab 2.13 ± 0.16Ab 3.15 ± 0.21Ba 3.45 ± 0.23Ba 3.54 ± 0.18Bb

3 kGy 1.79± 0.56Ab 2.15 ± 0.30Ab 2.33 ± 0.21Ab 3.04 ± 0.40Bb 4.88 ± 0.58Cad

5 kGy 1.85± 0.79Ab 2.46 ± 0.23Ab 3.17 ± 0.23Ba 4.17 ± 0.80Cc 5.57 ± 0.37Dc

7 kGy 1.76± 0.11Ab 2.19 ± 0.25Ab 2.09 ± 0.13Ab 3.35 ± 0.20Ba 4.51 ± 0.44Cd

Whiteness Control 67.13 ± 0.91Aa 64.36 ± 1.32Ba 60.03 ± 0.64Ca 58.55 ± 0.11Da 56.14 ± 2.01Da

1 kGy 69.60 ± 1.54Aa 68.30 ± 0.16Aa 62.38 ± 1.25Ba 60.52± 1.15Ba 60.07 ± 0.30Ba

3 kGy 70.30 ± 1.68Ab 67.22 ± 1.17Aa 62.59 ± 1.77Ba 61.42± 0.92BCa 60.01 ± 8.26Ca

5 kGy 71.46 ± 0.12Ab 68.92 ± 0.93Ba 67.51 ± 0.19Cb 62.39± 0.88Da 62.14 ± 0.15Da

7 kGy 70.49 ± 0.37Ab 68.51 ± 0.45Ba 65.95 ± 2.01Bb 60.14± 0.90Cb 62.35 ± 0.75Ca

a–eMean± SD; different letters represent significant differences (p< 0.05)
A–DMean± SD; different uppercase letters represent significant differences (p< 0.05)
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the irradiated samples were higher than those of the control
samples after 12 days of storage. However, a* and b* were
lower in the irradiated samples than in the control samples.
Moreover, during storage, b* increased (p<0.05) in all sam-
ples concomitant with the reduction in L* and whiteness. This
phenomenonmight be attributed to protein degradation and/or
lipid oxidation and the formation of Maillard reaction prod-
ucts of yellowish brown color (Riebroy et al. 2007).

Sensory Evaluation

Sensory analysis was based on appearance, texture, odor, and
flavor. Samples were deemed acceptable if they had scores >5
(Manju et al. 2007). In general, the scores decreased in both
the control and irradiated sample, during the storage period.
Initially, the control and irradiated samples had sensory scores
in the range of 6.6–8 (data not shown), which gradually de-
creased to 1–5.4 on day 12 of storage. The increase in TVC,

TBARS, and TVB-N may explain the decreasing trend in
sensory scores. Even though the initial sensory scores of su-
rimi irradiated with 5 and 7 kGy were 7 and 6.6, respectively,
they were still considered unacceptable because of the pres-
ence of ‘irradiated odor’ or ‘metal odor.’ Cabeza et al. (2009)
reported that sausages irradiated with 1 kGy reached higher
sensory scores than those treated with 2 and 3 kGy.

Conclusion

In conclusion, the combination of E-beam irradiation and vac-
uum packaging has a positive effect on the shelf-life of grass
carp surimi stored at 4 °C. E-beam irradiation could effective-
ly inhibit the microbial growth in grass carp surimi with no
obvious deterioration in its biochemical characteristics. By
irradiation, the shelf-life of vacuum-packed surimi was
prolonged from less than 3 days to 12 days. Based on the

Table 4 TPAvalues (hardness, springiness, cohesiveness, chewiness, and adhesiveness) of vacuum-packaged grass carp surimi irradiated at different
doses and stored at 4 °C

TPA Group Storage time (days)

0 3 6 9 12

Hardness Control 303.42 ± 27.87Aa 261.17± 14.33Ba 192.91± 14.11Cab 216.55± 1.32Da 172.64 ± 0.99Ca

1 kGy 271.65 ± 13.62Ab 228.88± 14.51Bb 198.87± 20.90Ca 211.46± 1.27BCa 182.48 ± 2.75Cb

3 kGy 250.05 ± 3.72Ac 218.39± 18.52Bb 202.38± 9.13Bab 208.46± 0.47Bb 170.43 ± 0.93Cb

5 kGy 235.81 ± 4.36Acd 193.50± 7.99Bc 201.93± 28.81Bab 208.03± 0.63Bb 172.36 ± 1.45Cb

7 kGy 243.40 ± 2.74Ad 195.55± 13.06Bc 200.85± 26.90Bb 207.88± 1.19Bb 161.80 ± 1.35Cb

Springiness Control 0.44 ± 0.15Aa 0.42 ± 0.01Aa 0.38 ± 0.15ABa 0.29 ± 0.01Ba 0.25 ± 0.03Ba

1 kGy 0.40± 0.04Aa 0.36 ± 0.01Bab 0.34 ± 0.02BCb 0.31 ± 0.01Cb 0.25 ± 0.01Dab

3 kGy 0.40± 0.05Aa 0.34 ± 0.02Bbc 0.31 ± 0.01Bb 0.32 ± 0.01Bc 0.26 ± 0.01Dab

5 kGy 0.41± 0.11Aa 0.31 ± 0.02Bc 0.28 ± 0.01Bb 0.32 ± 0.01Bd 0.28 ± 0.01Bb

7 kGy 0.40± 0.04Aa 0.35 ± 0.02ABCab 0.34 ± 0.01ABb 0.33 ± 0.01BCd 0.31 ± 0.02Bc

Cohesiveness Control 0.30 ± 0.06ACa 0.28 ± 0.01ABCa 0.26 ± 0.09BDa 0.23 ± 0.01CDa 0.22 ± 0.01Da

1 kGy 0.27± 0.01Aa 0.26 ± 0.01ABb 0.25 ± 0.01Bb 0.23 ± 0.01Ca 0.23 ± 0.01Ca

3 kGy 0.28± 0.02ACa 0.26 ± 0.02Bb 0.24 ± 0.01ABb 0.24 ± 0.01Cb 0.24 ± 0.01Cb

5 kGy 0.27± 0.04Aa 0.23 ± 0.01BCc 0.23 ± 0.01ABCb 0.24 ± 0.01Cb 0.25 ± 0.01ABCc

7 kGy 0.30± 0.03Aa 0.22 ± 0.01Bc 0.22 ± 0.01BCc 0.25 ± 0.01Cc 0.23 ± 0.01BCa

Chewiness Control 34.63 ± 4.95Aa 28.32 ± 1.27Ba 26.84± 5.16Ba 14.31 ± 0.26Ca 9.85 ± 1.34Da

1 kGy 23.53 ± 2.25Ab 21.02 ± 2.42Ab 20.9 ± 2.72Ab 4.95 ± 0.17Bb 11.57± 0.47Cb

3 kGy 19.48 ± 0.53Ac 19.09 ± 1.25Ab 16.12± 2.30Bb 15.57 ± 0.35Bc 12.65 ± 0.29Cc

5 kGy 19.00 ± 6.52Aab 16.43 ± 1.80Bc 16.73± 0.74Bc 13.50 ± 0.31Cd 13.63 ± 0.44Cd

7 kGy 20.84 ± 5.20Aab 16.90 ± 0.79Bc 16.36± 2.55Bc 14.52 ± 0.90Be 14.40 ± 0.99Bd

Adhesiveness Control −26.32 ± 1.83Aa −25.74 ± 0.57Aa −21.87 ± 1.64Aa −19.86± 0.80Aa −7.99± 0.95Ba

1 kGy −24.12 ± 1.41Aa −20.79 ± 0.66ABb −18.47 ± 2.32Bb −17.62± 0.59Bb −7.93± 0.35Ca

3 kGy −19.76 ± 0.57Aa −18.29 ± 0.76Bc −13.98 ± 0.61Cc −15.87± 0.52Dc −8.02± 0.20Ea

5 kGy −17.36 ± 0.89Aa −15.67 ± .60Bd −12.47 ± 0.59Cc −14.36± 0.45Dd −7.17± 0.31Ea

7 kGy −22.68 ± 0.74Aa −20.83 ± 0.54Ab −17.91 ± 2.73Bb −13.13± 0.31Ce −11.14± 1.25Db

a–eMean± SD; different letters represent significant differences (p < 0.05)
A–DMean± SD; different uppercase letters represent significant differences (p < 0.05)
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biochemical and sensory analysis, a dosage of 3 kGy was
proposed to be optimum for maintaining the edible quality
of grass carp surimi using the 10-MeV electron linear
accelerator.
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