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A B S T R A C T

The antimicrobial effects of nisin (2000 IU/mL) and grape seed extract (GSE, 1%) against Listeria monocytogenes
(SSA184, SSA97 and LM10) inoculated on cooked shrimps (Litopenaeus vannamei) were investigated. Notable
reductions (1.7–1.9 log CFU/g reduction) of L. monocytogenes were observed after 15-min treatment of combined
nisin and GSE while SSA184 showed the highest susceptibility to the activity of nisin and GSE as compared to
other strains. The atomic force microscopy results indicated that greater morphological changes were found in
combination treated cells of SSA184, whose width (0.47 μm) and height (0.25 μm) were decreased while the
surface roughness (10.12 nm) was increased significantly (P < 0.05). Residual nisin and GSE further inhibited
the listerial growth during storage (0.4–0.8 log CFU/g increment). Based on the fitting goodness, Weibull and
Baranyi models were verified as the best ones to describe inactivation kinetics of L. monocytogenes and growth
dynamics during storage, respectively. Additionally, the colour of cooked shrimpsafter combined treatment were
not negatively affected and even protected during storage. In conclusion, the antimicrobial treatment of com-
bined nisin and GSE could be a potential antilisterial strategy for shrimps.

1. Introduction

Consumer demand for safe and fresh seafood and seafood products
has attracted increasing interest in recent decades because of their
health-benefits. Nevertheless, seafood products are highly perishable
under microbial activities, resulting in non-negligible bacterial con-
tamination. Such adverse contaminations usually occur during culti-
vating, processing, transporting and storage (Vongkamjan, Benjakul,
Vu, & Vuddhakul, 2017). Bacterial contaminants can cause spoilage
when the microbial populations exceed 6–7 log colony forming unit
(CFU)/g and further result in undesirable odours and tastes (Semeano
et al., 2018). However, seafood has been a primary product responsible
for foodborne outbreaks in Singapore and other coastal regions. Pa-
thogenic microorganisms of major concerns in seafood include Salmo-
nella, Vibrio spp., and Listeria monocytogenes. It is of great concern as L.
monocytogenes can survive and multiply in seafood matrix which are

stored under low temperature and induce severe foodborne illness and
even death (Afari & Hung, 2018). It has been reported that shrimp,
especially ready-to-eat shrimp (i.e., cooked shrimp) has high potential
for L. monocytogenes contamination (Elbashir et al., 2018). Thus, a
promising antimicrobial strategy is needed to control the listerial con-
tamination on shrimp.

Nisin, a natural, low molecular, and hydrophobic peptide with 34
amino acid residues, is mainly produced by some Lactococcus lactis
strains (Ayyash et al., 2019; Bekhit, Sánchez-González, Messaoud, &
Desobry, 2016). As a broad spectrum bacteriocin, nisin exhibits in-
activation effect against a wide broad of Gram-positive foodborne pa-
thogens as well as spore-producing bacteria, for example L. mono-
cytogenes and Staphylococcus aureus (Morsy, Elsabagh, & Trinetta, 2018;
Zhao et al., 2014). Nisin has been approved for application in food as a
safe antimicrobial agent by the Food and Agriculture Organisation
(FAO)/World Health Organisation (WHO) Committee on Food
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Additives and Ingredients and obtained a generally recognised as safe
(GRAS) status by Food and Drug Administration (Hanušová et al.,
2010). Due to the high level of safety and sterilisation rate, nisin has
been applied for preservation of seafood, such as chilled vacuum
packed tuna and gilthead seabream, and has been reported as an effi-
cient anti-listerial material (Shi et al., 2017; Sofra, Tsironi, & Taoukis,
2018). However, nisin shows limited antimicrobial effect against Gram-
negative bacteria, and its antimicrobial activity as well as solubility are
related to low pH condition, and the stability decreases during storage
(Ibarra-Sánchez, Van Tassell, & Miller, 2018). Thus, it is of great sig-
nificance to increase its stability and antimicrobial ability, as well as to
broaden its application. Combination of nisin with other antimicrobial
agents may be a promising method. For example, nisin-based tertiary
antimicrobial mixtures preserved the overall quality of refrigerated
Argentine hake to 30 days and inhibited growth of L. monocytogenes
during refrigeration (Schelegueda, Delcarlo, Gliemmo, & Campos,
2016).

Grape seed extract (GSE) is a plant derived additive that generated
with a considerable quantity during wine production. Similar to nisin,
GSE is verified as a GRAS food additive (Zhao, Wu, Chen, & Yang,
2019a). Due to its abundant contents of polyphenols like proantho-
cyanidins, GSE is proved to have strong antioxidant ability (Chen et al.,
2018; Haskaraca, Juneja, Mukhopadhyay, & Kolsarici, 2019). It has
been applied to different seafood such as silver carp and tilapia fillets to
retard the lipid and protein oxidation (Shi, Cui, Yin, Luo, & Zhou, 2014;
Zhao et al., 2019c). Moreover, GSE has drawn further attention because
of its promising antimicrobial property. Recent studies have revealed
the inactivation effeicacy of GSE against L. monocytogenes, Bacillus
cereus, S. aureus, Bacillus subtilis, Lactobacillus fermentum, Escherichia
coli, Streptococcus thermophilus, Pseudomonas aeruginosa, and Lactoba-
cillus vaginalis (Tabasco et al., 2011).

The optical microscope is a useful tool for the observation of bac-
teria, but the resolution is limited by the wavelength of the light source.
Scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) can provide high-resolution images of cells (Bergmans
et al., 2015). Nevertheless, the sample preparation is complicated and
vacuum condition could induce substantial distortion of cell structure.
Atomic force microscopy (AFM) provides a new chance to study the
surface characteristics of cells in situ at nanoscale level (Yang et al.,
2007). It has gained its popularity recently as an important aid to tra-
ditional techniques for high-resolution imaging and microbiological
analysis (Liu, Tan, Yang, & Wang, 2017). It is superior to SEM and TEM
in some extent as it can provide 3-dimensional topological structure and
conduct sample observation in aqueous condition, making it possible to
real-time monitor surface properties of live cells and non-destructively
test the membrane. AFM can also qualitatively probe the interaction
based on the distance between tip and sample as well as the elasticity of
bacteria (Liu & Yang, 2019).

The aim of this work was to evaluate the antimicrobial effects of

nisin, GSE and their combination against inoculated L. monocytogenes
on cooked shrimps. The antilisterial activity of nisin and GSE and their
residual performance during 12-day storage (4 °C) were tested. The
disinfection kinetics and model fitting test were conducted. Moreover,
AFM was applied to monitor the cell morphological changes and thus
preliminarily elucidate the underlying antimicrobial mechanism.
Lastly, the effects of nisin and GSE on colour qualities of shrimps during
storage were assessed.

2. Materials and methods

2.1. Chemicals and reagents

Deionised (DI) water was prepared using a Mill-Q purification
system. Tryptone Soya Broth (TSB) and Tryptone Soya Agar (TSA) were
purchased from (Oxoid, UK). Peptone water was purchased from Sigma-
Aldrich (St, Louis, MO, USA). Phosphate buffer saline (PBS) was also
obtained from Sigma-Aldrich. Nisin (2.5% balance sodium chloride)
was purchased from Sigma-Aldrich (Singapore) while GSE was pro-
vided by Tianjin Jianfeng Natural Product Co., Ltd. (Tianjin, China).
Analytical reagent grade hydrochloric acid (HCl, 37%) was purchased
from Tokyo Chemical Industry Co., LTD (Tokyo, Japan).

The preparation of antimicrobial solutions was performed according
to a method described by Zhao, Chen, Wu, He, and Yang (2020). The
nisin stock solution (105 IU/mL) was prepared by dissolving 1 g nisin in
10 mL 0.02 M HCl. GSE was dissolved in sterile DI water using a stirrer.
The combined nisin and GSE solution was obtained by mixing them at a
ratio of 1:1 followed by stirring at room temperature thoroughly. The
antimicrobial solutions were prepared using autoclaved DI water and
were subject to filtration through a sterile syringe filter (0.22 μm) be-
fore use.

2.2. Bacterial strains and inoculum preparation

Three L. monocytogenes strains (SSA184 stereotype 3a, SSA97 ste-
reotype 1/2b, and LM10 stereotype 4b) isolated from pre-paced smoked
salmon were provided by the Environmental Health Institute of
Singapore National Environment Agency (Yuan, Lee, & Yuk, 2017). The
cryopreserved strains were activated in 5 mL TSB at 37 °C for 24 h. The
working L. monocytogenes suspension was prepared by three successive
inoculations in TSB (1:100) with an interval of 24 h (Jones & D'Orazio,
2013). The bacterial population was counted by plate culture on TSA.
The L. monocytogenes suspension was centrifuged (12,000×g, 10 min)
and the harvest cell pellet was washed by PBS (0.1 M, pH 7.2) for three
times. The L. monocytogenes inoculum was resuspended in 0.1% pep-
tone water to reach a final level of 9 log CFU/mL (Zhao et al., 2020).

Abbreviations

CFU colony forming unit
FAO Food and Agriculture Organisation
WHO World Health Organisation
GRAS generally recognised as safe
GSE grape seed extract
SEM scanning electron microscopy
TEM transmission electron microscopy
AFM atomic force microscopy
DI deionised
TSB tryptone soya broth
TSA tryptone soya agar
PBS phosphate buffer saline

HCl hydrochloric acid
SSE Sum of Squares for Error
RMSE Root Mean Squared Error
AIC Akaike Information Criterion
BIC Bayesian Information Criterion
Af accuracy factor
Bf bias factor
D% discrepancy percentage
B% bias percentage
RMS root-mean-square
ANOVA analysis of variance
LSD least significant difference
CEO cinnamon essential oil
REO rosemary essential oil
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2.3. Inoculation and antimicrobial treatments of shrimps

Frozen cooked shrimps (Litopenaeus vannamei) were purchased from
a local supermarket in Singapore. After thawing, shrimps were rinsed
with sterile DI water. For microbial analysis, shrimps were treated with
ultraviolet light in a biosafety cabinet (Esco Class II, Type A2, E-Series,
Esco Micro Pvt. Ltd., Singapore) for 30 min (15 min on both sides) to
remove background microflora. The inoculation of L. monocytogenes on
shrimps was conducted by immerging into L. monocytogenes suspension
for 5 min. The final concentration of L. monocytogenes on shrimps
reached around 6 log CFU/g. The inoculated shrimps were air-dried for
10 min in a laminar flow BSC.

Inoculated samples were randomly divided and immersed in the
following antimicrobial agents for 15 min at a ratio of 1:3 (w/v) re-
spectively: (i) DI water (conducted as the control); (ii) nisin (2000 IU/
mL); (iii) GSE (1%, w/v); (iv) the combination of nisin and GSE at a
ratio of 1:1. Samples were taken at an interval of 1.5 min to allow for
reliable kinetic analysis of microbial inactivation. The collected samples
at different sampling times were immediately transferred to neu-
tralising buffer (0.1 M PBS) for 1 min and then drained in a biosafety
cabinet for 10 min. Lastly, the treated shrimps were kept in sterile bags
and stored at 4 ± 1 °C up to 12 days. The populations of L. mono-
cytogenes on shrimps during refrigeration were tested every three days.

2.4. Enumeration of L. monocytogenes

At each sampling time point, one piece of shrimp (10 ± 1.0 g) in
each group was transferred to a stomacher bag containing 90 mL sterile
peptone water (0.1%, w/v) for 3-min homogenisation (Masticator
Stomacher, IUL Instruments, Germany). The samples were then deci-
mally diluted by peptone water serially and 100 μL of diluent was
plated on TSA plates. The colonies were counted after incubating at
37 °C for 2 days and expressed as log CFU/g sample (Jiang, Neetoo, &
Chen, 2011).

2.5. Mathematical modelling of antibacterial effect

2.5.1. Model fitting
The antibacterial effect (log CFU/g reduction as compared to the

initial population) of different treatments during inactivation process
was described by the linear, Weibull, Huang's and Fermi models (Chen
et al., 2020; Ghate et al., 2017). The residual antilisterial effect of each
treatment during shrimp storage was described by the exponential,
modified Gompertz, Beta function and Baranyi models
(Dermesonluoglu et al., 2016; Ochoa-Velasco et al., 2018; Ye et al.,
2013). Δy, y0 and y in Equations 1–4 refer to the bacterial reduction
(log CFU/g), the initial microbial load, and the population of bacteria
surviving at treatment time x (min), respectively. In Equations 5–9,
Δy is the bacterial increment (log CFU/g), y0 is the initial microbial
population (day 0, within 1 h after antimicrobial treatment), and y is
the population of bacteria surviving at storage time x (day).

2.5.1.1. Linear model.

= − = +Δy y y ax b0 (1)

where a and b are the linear regression parameters.

2.5.1.2. Weibull model.

=Δy x c( / )α (2)

where c is the time needed to achieve 1 log CFU/g reduction and α is
the shape parameter.

2.5.1.3. Huang's model.

= + + +− −Δy β x e e{ 0.25ln[(1 /(1 )]}x γ γ4( ) 4 (3)

where β is the maximum antibacterial rate and γ is lag phase duration
(min).

2.5.1.4. Fermi model.

= ⎧
⎨⎩

+ −
+ −

⎫
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Δy
dxL

d x xL
log

1 exp( )
1 exp[ ( )] (4)

where d is the maximum specific decay rate (log CFU/g/min) and xL is
the time before inactivation.

2.5.1.5. Modified Gompertz model.

= − = + × − − −Δy y y A C B x Mexp{ exp[ ( )]}0 (5)

where M is the time (day) at which the absolute rate of change is at a
maximum level, B (log CFU/g/day) is the relative rate of change at time
M, A is the value of the anterior variable (y) just at the beginning of the
storage; C is the difference between the initial and last asymptotic
values obtained for each variable during storage.

2.5.1.6. Exponential model.

=Δy uxlog[ exp ( )] (6)

where u is the general growth rate (log CFU/g/day).

2.5.1.7. Beta function.

⎜ ⎟⎜ ⎟= ⎛
⎝

+
−

−
⎞
⎠

⎛
⎝

⎞
⎠

−Δy Q
x x

x x
x

x
1 Q

Q m Q

xQ
xQ xm

(7)

where Q is the maximum bacterial growth or death obtained at storage
time xQ (day) while xm (day) is the time for the maximum growth rate.

2.5.1.8. Baranyi model.

= − ⎡
⎣⎢

+ − ⎤
⎦⎥′Δy μf x e

e
( ) ln 1 1μf x

y

( )

( )max (8)

with

= + + −− − −f x x
v

e e e( ) 1 ln[ ]vx uλ vx uλ( )
(9)

where ymax ' is the maximum increment of bacterial count during
storage and μ is the specific growth rate (day−1), v is the increase rate of
the limiting substrate, assumed to the equal to μ while λ is the lag time
(day).

To analyse the goodness of the model fitting, Sum of Squares for
Error (SSE) as well as Root Mean Squared Error (RMSE) were calculated
using MATLAB R2013b (The Mathworks Inc., Natick, MA, USA).
Moreover, the Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) values were used to determine the over-
fitting:

= +AIC nln(SSE) 2p (10)

= +BIC nln(SSE) pln(n) (11)

where n and p represent the number of data points and parameters used
in each model, respectively (Ghate et al., 2017).

2.5.2. Model verification
Observed counts of L. monocytogenes (inactivation process: 7.5 min;

storage: day 7) and predicted populations were compared by calcula-
tion of the validation indices Accuracy factor (Af) and Bias factor (Bf):

∑= ⎛

⎝
⎜ − ⎞

⎠
⎟

=

A u uexp [ ln ( ) ln ( )]f
i

n

p i o i
1

, ,
2

(12)
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where up, uo and n represent the predicted values from the selected
model, observed values obtained from plate counting, and the number
of observations, respectively (Ye et al., 2013). A perfect fitting is ob-
tained when both Af and Bf values reach 1.

The discrepancy percentage (D%) and bias percentage (B%) were
determined by the following equations:

= − ×AD% ( 1) 100%f (14)

= × − ×B BB% sgn (ln ) (exp ln 1) 100%f f (15)

where sgn (lnBf) equals to −1, 0 or 1 when Bf is negative, zero or
positive, respectively. In general, positive and negative B% value in-
dicate that the model predicts larger and smaller values as compared to
the actual observed data, respectively. Higher the B% value, higher the
value of underestimation or overestimation (Nyhan et al., 2018).

2.6. AFM analysis of morphological changes

AFM was conducted to monitor the changes in cell morphology of L.
monocytogenes on shrimps by each treatment. The antimicrobial solu-
tions containing shrimps after each treatment were transferred to a
50 mL sterile conical tube and centrifuged (500×g, 1 min) to pre-
cipitate debris. The cells were then gained by centrifugation at high
speed (12,000×g, 10 min) and washed with 0.1M PBS for two times.
After resuspending in PBS, 20 μL of L. monocytogenes suspension was
spread onto a mica sheet and air-dried before analysis. The sheet of
each treatment was imaged by AFM coupled with a Sensaprobe TM190-
A-15 tip (Applied Nanostructures, Mountain View, CA, USA). The re-
sonance, force constant, scan rate and line were set at 190 kHz, 45 N/m,
0.4 Hz and 512, respectively. The collected figures were processed by
the offline software Gwyddion version 2.55. The width, height as well
as root-mean-square (RMS) roughness of the listerial cells were de-
termined (Chen et al., 2018).

2.7. Colour measurement

Colour changes of treated shrimps during chilled storage were
evaluated using a Minolta Colorimeter CM-3500d (Konica Minolta,
Tokyo, Japan) (Zhao, Zhao, Phey, & Yang, 2019b). The colour para-
meters, including L* (lightness), a* (redness-greenness), b* (blue-yel-
lowness) were determined for each sample. Colour difference (ΔE) be-
tween fresh shrimp (untreated) and treated samples at each storage
time was calculated using the following formula:

= + +∗ ∗ ∗Δ ΔL Δa ΔbE 2 2 2 (16)

2.8. Statistical analysis

The analysis of variance (ANOVA) and the least significant differ-
ence (LSD) approach were conducted using IBM SPSS Statistics Version
23 (International Business Machines Co. Armonk, NY, USA) to evaluate
the statistical differences among all experimental results. All experi-
ments were performed at least three times independently. A P
value < 0.05 was considered significantly different.

3. Results and discussion

3.1. Inhibitory effect of L. monocytogenes inoculated on shrimps

3.1.1. Antimicrobial activity of different treatments on L. monocytogenes
The inactivation effects on L. monocytogenes under different treat-

ments are shown in Fig. 1A. The population of L. monocytogenes in the
control group remained constant regardless of the strain type. L.
monocytogenes SSA184 ranged from 6.1 to 6.5 log CFU/g during 15 min
of treatment, whereas control SSA97 and LM10 fluctuated in the ranges
of 5.8–6.0 and 6.0–6.2 CFU/g, respectively. Gradual reductions of L.
monocytogenes on shrimps were observed after individual treatment of
GSE, suggesting that all the strains were sensitive to this natural extract.
Bisha, Weinsetel, Brehm-Stecher, and Mendonca (2010) also showed
that a low concentration of GSE (0.125%) exhibited a prominent in situ
antimicrobial effect on L. monocytogenes inoculated on Roma tomato

Fig. 1. Survival populations of inoculated L. monocytogenes on shrimps during inactivation (A) and storage (B) processes. Note: * the values on day 0 refer to the L.
monocytogenes counts within 1h after antimicrobial treatments.
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after 2 min of exposure. Single GSE treatment significantly reduced the
SSA184 by 1.0 log CFU/g as compared to the corresponding control
group (P < 0.05). The final log reductions of SSA97 and LM 10 were
0.5 and 0.6 log CFU/g, respectively, which were significantly lower
than that of SSA184 reduction (P < 0.05). Similarly, nisin sharply
reduced the L. monocytogenes counts by 1.0–1.5 log CFU/g and the
highest listerial reduction were observed in the SSA184 strain. The
results suggested that the L. monocytogenes SSA184 was more sensitive
to both nisin and GSE treatments as compared to the other two L.
monocytogenes strains. These findings are supported by previous studies
which confirmed that the antimicrobial activity of phenolic compounds
are strain-dependent and species-dependent (Fancello et al., 2020). The
same polyphenol may be effective on one type of Gram-positive (or
Gram-negative) bacteria and ineffective on the other ones, indicating

species-dependent effect (Fancello et al., 2020). For example, epi-
gallocatechin gallate was active against tested L. monocytogenes ATCC
19115 (100% reduction), Pseudomonas aeruginosa ATCC 27853 (74.7%
reduction), S. aureus CNRZ3 (55.3% reduction) but exhibited a slight
bacterial growth-inhibiting effect (17.7%) against E. coli ATCC 25922
(Bordes et al., 2019). Moreover, the antimicrobial ability of the same
polyphenol was different among different strains. This is the case for
example of procyanidins which exhibited a greater inhibitory effect
against S. aureus CECT 976 than S. aureus CECT 4465 and CECT 828
(Alejo-Armijo et al., 2017). We thus postulate that the difference in
bacterial sensitivity to the same polyphenol could related to the dif-
ference in cellular structure. In our study, GSE used was a mixture of
polyphenols, which is composed of 80% procyanidin and some minor
components (catechin, epicatechin, gallic acid, etc.). They worked

Fig. 2. Modelling of inoculated L. monocytogenes reduction on shrimps during inactivation process. (A) Linear, (B) Weibull, (C) Huang's and (D) Fermi models.
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collectively to inactivate three tested L. monocytogenes strains, espe-
cially SSA184. On the other hand, strain differences in L. monocytogenes
sensitivity to nisin, observed in our study, might be related to differ-
ences in phospholipid content, composition of membrane fatty acids
and also the difficulty of nisin in forming pores in more solid mem-
branes (Cotter, Guinane, & Hill, 2002; Solomakos, Govaris, Koidis, &
Botsoglou, 2008). The strains with an increased ratio of straight-chain
fatty acids as well as a lower ratio of branched-chain ones showed
higher resistant against nisin. Moreover, the pore formation ability of
nisin in L. monocytogenes membrane was related to the interaction be-
tween three positively charged lysine residues of nisin and anionic
phospholipids. Therefore, the strains whose membrane were rigid due
to the condensation of these phospholipids, such binary interaction was
inhibited (Abee, 1995).

Furthermore, shrimps treated with combined nisin and GSE have
the lowest final L. monocytogenes populations indicating an improved
antimicrobial effect when applied in combination than in separate.
Specifically, the counts of L. monocytogenes SSA184, SSA97 and LM10
remaining on shrimps after combined treatment were 4.3, 4.2 and 4.5
log CFU/g, respectively, with log differences of 1.9, 1.6 and 1.7 as
compared to the respective control samples. Previous reports have
verified the synergetic inactivation efficacy of combined sterilising
agents (Raeisi, Tabaraei, Hashemi, & Behnampour, 2016; Xu et al.,
2007). Raeisi et al., (2016) conducted an experiment to test the anti-
microbial effects of nisin, cinnamon essential oil (CEO) and rosemary
essential oil (REO) on inoculated L. monocytogenes on chicken meat
fillets. The antimicrobial agents were added individually or in combi-
nation. As a result, nisin + CEO, nisin + REO, CEO + REO samples

had the lowest final L. monocytogenes counts (6.3–6.6 log CFU/g) as
compared to nisin, CEO, REO and control samples (8–8.6 log CFU/g).
Significant higher bacterial reductions indicated that when used in
combination, the antimicrobials had stronger effect in controlling the L.
monocytogenes population on chicken samples than using in separate.
Xu et al. (2007) indicated that nisin alone did not induce a significant
reduction in Salmonella and L. monocytogenes, but when tested in
combination with GSE or citric acid, significant reductions (2.5–2.8 log
CFU/g) of were observed.

3.1.2. Antimicrobial kinetics of L. monocytogenes inoculated on shrimps
Four inactivation (linear, Weibull, Huang's, and Fermi) models were

used to evaluate the antimicrobial effect of each treatment. The fitting
curves are presented in Fig. 2 while the goodness-of-fit (as represented
by RMSE, SSE, AIC and BIC values) are shown in Table 1. In nisin and
GSE treated groups, Weibull model provided good statistical fitness
with the lowest RMSE (0.16 and 0.14, respectively) as compared to
Fermi, linear and Huang's models. Similarly, lower RMSE (0.06–0.14)
values in combination group were recorded by Weibull model
(P < 0.05). Moreover, AIC and BIC are also regarded as important
parameters indicating the overfitting status. The lower the values, the
better the fittings are (Nyhan et al., 2018). Smaller values of SSE
(0.03–0.13), AIC (ranging from −31.46 to −16.42), as well as BIC
(ranging from−34.07 to−19.04) for Weibull models were observed in
all treatments, regardless of strain type. These results indicated that the
Weibull model was statistically suitable in describing the relationship
between the treatment time of each antimicrobial agent and the sur-
vival of L. monocytogenes on shrimps. In a previous study, the Weibull

Table 1
Fitting goodness of inactivation models describing the L. monocytogenes reduction.

Strain Treatment Model RMSE SSE AIC BIC

SSA184 Nisin Linear 0.18 ± 0.01 op 0.10 ± 0.02 fghi −19.16 ± 1.66 efgh −21.78 ± 1.66 efgh

Weibull 0.09 ± 0.01 abcd 0.06 ± 0.01 abcd −24.23 ± 1.38 bc −26.84 ± 1.38 bc

Huang's 0.23 ± 0.02 q 0.14 ± 0.02 jklm −15.73 ± 1.18 ijkl −18.34 ± 1.18 ijkl

Fermi 0.17 ± 0.02 nop 0.08 ± 0.01 bcdefg −21.31 ± 1.03 de −23.92 ± 1.03 de

GSE Linear 0.17 ± 0.01 nop 0.20 ± 0.03 pq −11.98 ± 1.00 no −14.59 ± 0.99 no

Weibull 0.14 ± 0.02 ijklmn 0.09 ± 0.01 defgh −20.12 ± 0.91 defg −22.73 ± 0.91 defg

Huang's 0.15 ± 0.01 jklmn 0.15 ± 0.02 klmn −15.03 ± 1.10 jklm −17.64 ± 1.13 jklm

Fermi 0.16 ± 0.01 lmnop 0.11 ± 0.01 ghij −18.10 ± 0.74 fghi −20.71 ± 0.74 fghi

Combination Linear 0.16 ± 0.02 lmnop 0.15 ± 0.02 klmn −14.93 ± 1.02 jklm −17.64 ± 1.10 jklm

Weibull 0.09 ± 0.01 bcde 0.10 ± 0.01 fghi −19.06 ± 0.82 efgh −21.67 ± 0.82 efgh

Huang's 0.13 ± 0.01 ghijkl 0.16 ± 0.01 lmn −14.57 ± 0.81 jklmn −17.18 ± 0.81 jklmn

Fermi 0.10 ± 0.01 cdefg 0.12 ± 0.01 hijk −17.23 ± 0.68 ghij −19.84 ± 0.68 ghij

SSA97 Nisin Linear 0.13 ± 0.02 fghijk 0.09 ± 0.02 efgh −19.91 ± 1.91 defg −22.52 ± 1.90 defg

Weibull 0.08 ± 0.01 abcd 0.05 ± 0.01 ab −26.09 ± 1.66 b −28.71 ± 1.59 b

Huang's 0.11 ± 0.01 defgh 0.07 ± 0.01 bcdef −22.66 ± 1.18 cd −25.28 ± 1.17 cd

Fermi 0.07 ± 0.02 abc 0.06 ± 0.01 abcd −24.23 ± 1.38 bc −26.84 ± 1.38 bc

GSE Linear 0.15 ± 0.01 jklmn 0.18 ± 0.02 nop −13.40 ± 1.19 klmno −16.02 ± 1.20 klmno

Weibull 0.07 ± 0.02 ab 0.13 ± 0.01 ijkl −16.42 ± 0.63 hijk −19.04 ± 0.62 hijk

Huang's 0.13 ± 0.02 hijklm 0.17 ± 0.01 mno −13.73 ± 0.48 klmn −16.34 ± 0.48 klmn

Fermi 0.12 ± 0.01 fghijk 0.14 ± 0.01 jklm −15.68 ± 0.58 ijkl −18.29 ± 0.56 ijkl

Combination Linear 0.19 ± 0.01 p 0.17 ± 0.02 mno −13.77 ± 0.97 klmn −16.38 ± 0.98 klmn

Weibull 0.08 ± 0.01 abcd 0.08 ± 0.01 cdefg −20.92 ± 1.18 def −23.53 ± 1.17 def

Huang's 0.10 ± 0.01 cdefg 0.16 ± 0.01 lmn −14.57 ± 0.81 jklmn −17.18 ± 0.79 jklmn

Fermi 0.10 ± 0.01 cdefg 0.09 ± 0.02 efgh −19.90 ± 1.95 defg −22.51 ± 1.94 defg

LM10 Nisin Linear 0.15 ± 0.02 jklmn 0.15 ± 0.02 klmn −15.11 ± 1.66 jklm −17.72 ± 1.66 jklm

Weibull 0.12 ± 0.01 efghij 0.11 ± 0.01ghij −18.10 ± 0.74 fghi −20.71 ± 0.74 fghi

Huang's 0.14 ± 0.01 ijklmn 0.17 ± 0.02 mno −13.77 ± 0.97 klmn −16.38 ± 0.97 klmn

Fermi 0.11 ± 0.01 defghi 0.13 ± 0.01 ijkl −16.42 ± 0.63 hijk −19.04 ± 0.63 hijk

GSE Linear 0.12 ± 0.01 efghij 0.09 ± 0.01 defgh −20.12 ± 0.91 defg −22.73 ± 0.91 defg

Weibull 0.06 ± 0.01 a 0.03 ± 0.01 a −31.46 ± 2.84 a −34.07 ± 2.84 a

Huang's 0.08 ± 0.01 abcd 0.06 ± 0.02 bcde −24.00 ± 2.77 bc −26.61 ± 2.77 bc

Fermi 0.08 ± 0.02 abcd 0.05 ± 0.00 abc −25.35 ± 0.86 bc −27.96 ± 0.86 bc

Combination Linear 0.15 ± 0.01 klmno 0.19 ± 0.02 op −12.49 ± 1.06 mno −15.10 ± 1.06 mno

Weibull 0.12 ± 0.01 efghij 0.12 ± 0.01 hijk −17.23 ± 0.68 ghij −19.84 ± 0.68 ghij

Huang's 0.16 ± 0.02 mnop 0.18 ± 0.02 nop −13.22 ± 1.25 lmno −15.84 ± 1.25 lmno

Fermi 0.15 ± 0.01 jklmno 0.23 ± 0.02 q −10.74 ± 0.97° −13.36 ± 0.97°

*Notes: Root Mean Squared Error (RMSE), Sum of Squares for Error (SSE), Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). Within the
same column, values with different lowercase letters are significantly different (P < 0.05).
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model with the lowest RMSE and AIC was verified as the most superior
model to describe antimicrobial effects of lactic acid and sodium hy-
pochlorite against L. innocua on fresh produce (Chen et al., 2019).

To further understand the antimicrobial effect of nisin and GSE on L.
monocytogenes inoculated on shrimps, the estimated fitting parameters
of inactivation models were determined (Table S1). The analysis of
these kinetic parameters can provide us valuable information about
sensitivity and resistance of L. monocytogenes against different treat-
ments during inactivation process. For linear model, combined nisin
and GSE presented highest general inactivation rate (0.12–0.14 log
CFU/g/min), followed by nisin (0.07–0.10 log CFU/g/min) and GSE
(0.04–0.07 log CFU/g/min) treatments. For Weibull fitting, the time
needed to achieve 1 log CFU/g reduction of L. monocytogenes SSA184,
SSA97 and LM10 by combined treatment were 6.90, 9.01 and 8.20 min,
respectively. Based on the results of Huang's fitting, the combination
treatment resulted in the significantly greater maximum antibacterial
rate (0.12–0.14 log CFU/g/min) as compared to the respective nisin- or

GSE-treated samples (P < 0.5). Under the same treatment, the SSA97
and LM10 strains showed longer lag phases as compared to L. mono-
cytogenes SSA184, suggesting that they were more tolerate to nisin and
GSE stresses. These findings were supported by Bertrand (2019) who
indicated that bacteria with longer lag phase are more tolerant to ex-
ternal stresses such as antibiotics. Furthermore, the combination and
nisin groups showed the significantly faster specific decay rate as
compared to the GSE treatment (P < 0.05). These findings collectively
verified that the combination treatment presented an enhanced anti-
microbial effect against all tested strains and SSA184 showed the
highest susceptibility to nisin and GSE treatments.

3.2. Residual effects of nisin and GSE against L. monocytogenes

3.2.1. Growth dynamics of L. monocytogenes on shrimps during
refrigeration

Sublethally injured L. monocytogenes cells might be induced by nisin

Fig. 3. Growth modelling of L. monocytogenes during refrigerated storage. (A) Modified Gompertz, (B) Exponential, (C) Beta function and (D) Baranyi models.
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and GSE treatments and these sublethally cells should be taken into
consideration as they can recover and regain pathogenicity under sui-
table conditions. Therefore, the survival of normal and sublethally in-
jured L. monocytogenes SSA184, SSA97 and LM10 on shrimps during 12-
day refrigeration were evaluated (Fig. 1B). Increasing tendencies were
observed in all control samples during storage at 4 °C. The populations
of L. monocytogenes SSA184, SSA97 and LM10 progressively increased
during 12-day storage by 2.5, 1.7 and 2.0 log CFU/g, respectively. The
nisin and GSE treated shrimps had significantly lower L. monocytogenes
recovery as compared with the control group (P < 0.05). Similar
findings were reported for the inhibited L. monocytogenes growth (4 °C)
on chicken meat treated with nisin and on minced trout fillet treated
with GSE (Kakaei & Shahbazi, 2016; Raeisi et al., 2016). During sto-
rage, the residual antilisterial efficacy of GSE was comparable with that
of nisin. It is postulated that the decrease of membrane fluidity was
responsible for the decreased antilisterial effect of nisin at low storage
temperatures (Solomakos et al., 2008).

In addition, it is interesting to note that the residual effect of nisin
during storage was time-dependent. At the early stage of storage, the

populations of nisin-treated cells were similar (SSA97 and LM10) or
slightly increased (SSA184) as compared to the respective initial counts
(day 0). However, nisin showed a weaker antilisterial effect of nisin at
the later period of storage (from day 6 to day 12), regardless of the
strain type, indicating that the antimicrobial efficacy of nisin was
highly depending on the properties of the food in contact with. A pre-
vious report indicated the capability of glutathione in inactivating nisin
(Gharsallaoui, Oulahal, Joly, & Degraeve, 2016). The loss of nisin ac-
tivity is related to the formation of nisin-glutathione adduct mediated
by glutathione transferase (Stergiou, Thomas, & Adams, 2006). Nisin
can also react with the fat such as phospholipids (Deegan, Cotter, Hill,
& Ross, 2006). Oshima et al. (2014) investigated the residual nisin
which was added to milk pudding (containing 5% or 7.5% milk fat). As
a result, 25–50% nisin activity was lost after 15-day storage. Con-
sidering that glutathione, glutathione-transferase, lipid, etc., are com-
monly existed in shrimp flesh, the antilisterial effect of nisin was par-
tially and gradually compromised along with the storage due to its
interaction with these components. Moreover, the sustainability of nisin
was largely associated with the pH value. It is well-known that nisin is

Table 2
Fitting goodness of models describing the growth of L. monocytogenes during storage.

Strain Treatment Model RMSE SSE AIC BIC

SSA184 Control Gompertz 0.32 ± 0.02 s 0.35 ± 0.01 p 0.58 ± 0.19 w 0.37 ± 0.19 w

Exponential 0.25 ± 0.04 r 0.36 ± 0.03 p −5.24 ± 0.57 stu −5.29 ± 0.57 stu

Beta function 0.26 ± 0.01 r 0.28 ± 0.03 ° −2.86 ± 0.71 v −3.03 ± 0.71 v

Baranyi 0.20 ± 0.02 opq 0.19 ± 0.03 mn −7.58 ± 1.04 nopqr −7.69 ± 1.04 nopqr

Nisin Gompertz 0.17 ± 0.03 lmnop 0.19 ± 0.01 mn −3.52 ± 0.45 uv −3.73 ± 0.45 uv

Exponential 0.15 ± 0.02 ghijklm 0.13 ± 0.02 jkl −12.34 ± 0.89 fgh −12.39 ± 0.89 fgh

Beta function 0.15 ± 0.02 ghijklm 0.10 ± 0.02 efghij −10.21 ± 1.16 hijklm −10.38 ± 1.16 hijklm

Baranyi 0.12 ± 0.01 cdefg 0.06 ± 0.01 bcde −15.45 ± 1.35 cd −15.56 ± 1.35 cd

GSE Gompertz 0.25 ± 0.03 r 0.19 ± 0.02 mn −3.65 ± 0.60 uv −3.87 ± 0.60 uv

Exponential 0.27 ± 0.02 r 0.43 ± 0.04 q −3.88 ± 0.59 tuv −3.93 ± 0.59 tuv

Beta function 0.19 ± 0.03 mnopq 0.14 ± 0.01 kl −7.77 ± 0.41 nopqr −7.94 ± 0.41 nopqr

Baranyi 0.13 ± 0.01 efghijk 0.08 ± 0.01 defg −13.72 ± 0.72 def −13.83 ± 0.72 def

Combination Gompertz 0.16 ± 0.04 ijklmno 0.14 ± 0.01 kl −5.77 ± 0.41 rst −5.99 ± 0.41 rst

Exponential 0.18 ± 0.05 mnopq 0.18 ± 0.02 m −10.03 ± 0.64 c −10.09 ± 0.64 c

Beta function 0.11 ± 0.03 bcdef 0.13 ± 0.01 jkl −8.30 ± 0.48 mnopq −8.46 ± 0.48 mnopq

Baranyi 0.11 ± 0.04 bcdef 0.10 ± 0.01 efghij −12.14 ± 0.57 fghi −12.25 ± 0.57 fghi

SSA97 Control Gompertz 0.16 ± 0.01 hijklmn 0.08 ± 0.01 defg −9.72 ± 0.72 jklmn −9.93 ± 0.72 jklmn

Exponential 0.16 ± 0.02 hijklmno 0.14 ± 0.01 l −11.61 ± 0.47 fghij −11.67 ± 0.47 fghij

Beta function 0.12 ± 0.01 efghij 0.10 ± 0.01 fghijk −9.94 ± 0.83 ijklm −11.88 ± 0.83 ijklm

Baranyi 0.12 ± 0.01 efghij 0.06 ± 0.01 abcd −15.76 ± 0.96 bc −10.10 ± 0.96 bc

Nisin Gompertz 0.13 ± 0.01 efghijk 0.14 ± 0.01 kl −5.77 ± 0.41 rst −5.99 ± 0.41 rst

Exponential 0.29 ± 0.03 bcde 0.50 ± 0.04 r −2.92 ± 0.53 v −2.92 ± 0.53 v

Beta function 0.09 ± 0.02 abcd 0.08 ± 0.01 defgh −11.47 ± 1.03 fghijk −11.63 ± 1.03 fghijk

Baranyi 0.08 ± 0.00 abc 0.03 ± 0.00 a −21.49 ± 1.34 a −21.60 ± 1.34 a

GSE Gompertz 0.17 ± 0.02 klmno 0.12 ± 0.01 hijk −6.86 ± 0.48 pqrs −7.07 ± 0.48 pqrs

Exponential 0.12 ± 0.00 efghij 0.12 ± 0.00 ghijkl −13.04 ± 0.29 efg −13.10 ± 0.29 efg

Beta function 0.14 ± 0.02 fghijkl 0.09 ± 0.01 defghi −10.88 ± 0.64 ghijkl −11.05 ± 0.64 ghijkl

Baranyi 0.10 ± 0.01 bcdef 0.07 ± 0.01 bcdef −15.02 ± 0.95 cde −15.13 ± 0.95 cde

Combination Gompertz 0.11 ± 0.01 cdefg 0.06 ± 0.01 abcd −11.76 ± 0.96 fghij −11.98 ± 0.96 fghij

Exponential 0.08 ± 0.01 abcd 0.07 ± 0.01 bcdef −17.02 ± 0.95 c −17.08 ± 0.95 c

Beta function 0.10 ± 0.02 cdef 0.06 ± 0.01 bcde −13.33 ± 0.51 ef −13.50 ± 0.51 ef

Baranyi 0.06 ± 0.01 ab 0.03 ± 0.01 ab −20.30 ± 2.62 ab −20.41 ± 2.62 ab

LM10 Control Gompertz 0.21 ± 0.03 pq 0.20 ± 0.02 mn −3.18 ± 0.63 uv −3.40 ± 0.63 uv

Exponential 0.19 ± 0.01 nopq 0.22 ± 0.02 n −8.75 ± 0.74 lmnop −8.80 ± 0.74 lmnop

Beta function 0.19 ± 0.00 mnopq 0.07 ± 0.00 cdef −12.30 ± 0.44 fgh −12.47 ± 0.44 fgh

Baranyi 0.05 ± 0.02 a 0.03 ± 0.01 ab −20.30 ± 2.62 ab −20.41 ± 2.62 ab

Nisin Gompertz 0.15 ± 0.01 ghijklm 0.12 ± 0.02 ijkl −6.72 ± 1.01 pqrs −6.94 ± 1.01 pqrs

Exponential 0.22 ± 0.03 q 0.30 ± 0.03° −6.53 ± 0.64 qrs −6.59 ± 0.64 qrs

Beta function 0.15 ± 0.02 ghijklm 0.08 ± 0.02 defg −11.83 ± 1.46 fghij −11.99 ± 1.46 fghij

Baranyi 0.11 ± 0.01 cdefg 0.05 ± 0.01 abcd −16.71 ± 1.61 c −16.81 ± 1.61 c

GSE Gompertz 0.17 ± 0.03 lmnop 0.08 ± 0.00 defgh −9.41 ± 0.39 klmno −9.62 ± 0.39 klmno

Exponential 0.13 ± 0.02 efghijk 0.08 ± 0.01 defgh −16.66 ± 0.83 cd −16.72 ± 0.83 cd

Beta function 0.12 ± 0.02 efghij 0.07 ± 0.01 bcdef −12.66 ± 0.82 fg −12.83 ± 0.82 fg

Baranyi 0.10 ± 0.01 bcdef 0.04 ± 0.00 abc −19.20 ± 0.95 b −19.31 ± 0.95 b

Combination Gompertz 0.09 ± 0.01 bcde 0.11 ± 0.02 ghijkl −7.33 ± 1.11 opqrs −7.54 ± 1.11 opqrs

Exponential 0.13 ± 0.02 efghijk 0.12 ± 0.02 hijkl −12.91 ± 0.96 fg −12.96 ± 0.96 fg

Beta function 0.11 ± 0.01 cdef 0.08 ± 0.01 defg −11.72 ± 0.72 fghij −11.88 ± 0.72 fghij

Baranyi 0.06 ± 0.02 ab 0.06 ± 0.00 abcd −15.69 ± 0.60 c −16.23 ± 0.60 c

*Notes: Sum of Squares for Error (SSE), Root Mean Squared Error (RMSE), Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). Within the
same column, values with different lowercase letters are significantly different (P < 0.05).
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very active at acidic condition but losses its activity dramatically at
basic condition (Müller-Auffermann, Grijalva, Jacob, & Hutzler, 2015).
The initial pH of shrimp was around 6.5 but it increased to 7.9 after 12-
day storage (Okpala, 2015). Such change of pH in shrimp during sto-
rage could reduce the activity of nisin in inhibiting the L. monocytogenes
growth.

The binary application of nisin and GSE was found to be more ef-
fective in suppressing the growth of all L. monocytogenes strains during
shrimp storage than using in separate. Specifically, the populations of
SSA184, SSA97 and LM10 on tilapia samples stored at 4 °C were in-
creased by 1.0, 1.0 and 1.2 log CFU/g, respectively. It might be due to
the interaction between nisin and GSE by ion cross-linking which can
improve the stability of nisin and maintain the antimicrobial effect
during prolonged refrigerated storage (Gong et al., 2018; Wu, Yu, &
Flint, 2017).

3.2.2. Growth modelling of L. monocytogenes on shrimps during storage
Four growth models were used for fitting L. monocytogenes count

increment during prolonged storage (4 °C). The fitting curves and fitting
goodness are shown in Fig. 3 and Table 2, respectively. Generally, the
Beta function and Baranyi models exhibited excellent fitting for all four
groups, regardless of strain type. Nevertheless, further analysis indicate
that the Baranyi equation was the most superior one in describing the
isothermal (4 °C) growth of L. monocytogenes as the lowest RMSE
(0.05–0.20), SSE (0.03–0.19), AIC (ranging from −21.49 to −7.58)
and BIC (ranging from −21.60 to −7.69) values were obtained by this
model. Therefore, we conclude that the Baranyi model in describing the
effect of nisin and GSE on the growth kinetics of L. monocytogenes on
shrimps during cold storage. The results are consistent with a previous
report which evaluated four predictive models for the growth of L.
monocytogenes in vacuum-packaged chilled pork (Ye et al., 2013). Based
on the goodness-of-fit results, Baranyi model (MSE: 0.03–0.06;
1.00 ≤ Bf ≤ Af ≤ 1.06) was sufficient to describe the growth curves of
L. monocytogenes in pork samples stored under various conditions (4,
10, 15, 20 and 25 °C).

The determination of the model parameters further provided useful
information about the growing status of each strain and their sensitivity
to nisin and GSE during refrigeration (Table S2). For instance, the mi-
crobial growth rate was strain-dependent; however, the general growth
rates (0.06–0.11 log CFU/g/day) of a certain strain were always lower
in the combination group as compared with other treatment groups
(P < 0.05). On the other hand, the absence of xm for some growth
curves (control SSA184 and GSE-treated SSA97) suggests that the
maximum growing rate is reached at the initial of the storage (Ochoa-
Velasco et al., 2018). Higher listerial loads (Q) were always observed in
control groups than in nisin and/or GSE treated cells during storage;
this might be an indication of residual antimicrobial effects of nisin and

GSE against three tested L. monocytogenes strains. Moreover, the time
required to reach the largest listerial growth (xQ) was significantly af-
fected by the nisin and GSE treatments. As suggested by the Baranyi
model, the combination treatment resulted in the lowest maximum
bacterial growth of L. monocytogenes SSA184 (0.91 log CFU/g), SSA97
(0.88 log CFU/g) and LM10 (1.02 log CFU/g) cells during storage. It is
also notable to highlight the lag phase period, which suggests the time
when the bacterium is adapting itself to the growth situation and is not
able to divide, became significantly lengthened after combined treat-
ment (P < 0.05) (Valdivia-Nájar, Martín-Belloso, Giner-Seguí, &
Soliva-Fortuny, 2017). Specifically, the λ values for the control SSA184,
SSA97 and LM10 were 26.80, 34.14 and 20.59 days, respectively. At
the same time, for combination groups, the λ values increased to
40.87–68.45 days. Overall, these findings indicated superior anti-
microbial effect of the combined treatment on inhibiting the growth of
three L. monocytogenes strains at low temperature.

3.3. Model verification

According to the results of model fitting analysis, the Weibull model
is the best inactivation model in describing the inactivation kinetics of
nisin and GSE while the Baranyi model best predicted the growth dy-
namics of L. monocytogenes during storage.

To validate the performance of selected models, additional data
(inactivation process: 7.5 min; storage: day 7) were used for the com-
parison of predicted and observed values. Several performance indices
were calculated and shown in Table 3. The Bf describe the consistency
between experimental value and predicted data, and thus provide an
overall objective indication of model performance. Af value afford ad-
ditional indication as it provides an average accuracy of prediction by
calling off under or over estimations. The closer the value gets to 1, the
better the model is (Ye et al., 2013). For the Weibull model, it is ob-
served that all the Af and Bf values were in the range of 1.00 ≤ Bf ≤ Af

≤ 1.10 while the D% and B% values were within the scope of −1 ≤ B
%≤ D%≤ 10. These results further confirmed the goodness of Weibull
model in predicting the inactivation effects of nisin and GSE, which is in
accordance with a previous study (Ghate et al., 2017).

Similarly, the performance of Baranyi model as growth model was
also analysed. It is suggested that the for the growth models, a Bf value
ranging from 0.9 to 1.05 is regarded as quite good. If Bf value de-
termined in the rage of 1.05–1.15 or 0.7–0.9, then the model is ac-
ceptable to describe bacterial growth rate. However, a model whose Bf

value is smaller than 0.7 or larger than 1.15 is inapplicable (Nyhan
et al., 2018). The goodness of Baranyi model in describing the growth of
inoculated L. monocytogenes has been verified in previous studies
(Omac, Moreira, & Castell-Perez, 2018; Rodrıǵuez, Alcalá, Gimeno, &
Cosano, 2000). In this study, all calculated Bf values for Baranyi model

Table 3
Performance indices of Weibull and Baranyi models.

Strain Treatment Weibull model (7.5 min) Baranyi model (day 7)

up uo Af Bf D% B% up uo Af Bf D% B%

SSA184 Control – – – – – – 7.67 ± 0.08 7.61 ± 0.12 1.04 1.01 4 1
Nisin 5.61 ± 0.01 5.32 ± 0.01 1.10 1.05 10 5 5.31 ± 0.04 5.02 ± 0.12 1.11 1.06 11 6
GSE 6.01 ± 0.00 5.76 ± 0.17 1.09 1.04 9 4 6.16 ± 0.05 6.31 ± 0.20 1.06 0.98 6 −2
Combination 5.19 ± 0.02 5.07 ± 0.11 1.06 1.03 6 3 4.66 ± 0.02 4.51 ± 0.06 1.06 1.03 6 3

SSA97 Control – – – – – – 6.99 ± 0.11 6.96 ± 0.13 1.06 1.00 6 0
Nisin 5.39 ± 0.01 5.20 ± 0.12 1.08 1.04 8 4 5.30 ± 0.02 5.19 ± 0.04 1.04 1.02 4 2
GSE 5.59 ± 0.01 5.62 ± 0.03 1.01 1.00 1 0 6.02 ± 0.02 6.08 ± 0.09 1.03 0.99 3 −1
Combination 5.07 ± 0.02 5.02 ± 0.18 1.06 1.01 6 1 4.40 ± 0.02 4.40 ± 0.06 1.03 1.00 3 0

LM10 Control – – – – – – 7.52 ± 0.06 7.69 ± 0.10 1.05 0.98 5 −2
Nisin 5.63 ± 0.01 5.65 ± 0.05 1.02 1.00 2 0 5.58 ± 0.05 5.41 ± 0.07 1.06 1.03 6 3
GSE 5.85 ± 0.00 5.83 ± 0.08 1.03 1.01 3 1 6.17 ± 0.09 6.18 ± 0.12 1.03 1.00 3 0
Combination 5.28 ± 0.01 5.26 ± 0.11 1.03 1.00 3 0 4.72 ± 0.02 4.68 ± 0.05 1.02 1.01 2 1

*Notes: up: predicted value; uo: observed value; Af: Accuracy factor; Bf: Bias factor; D%: discrepancy percentage; B%: bias percentage.
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(0.98–1.06) indicated that the model was good for predicting the
growth kinetics of L. monocytogenes during cold storage. Moreover,
determined Af (1.02–1.11) and D% (2%–6%) values further suggest that
the predicted data were quite close to experimental data. Thus, the
Baranyi model is applicable in describe the growth kinetics of L.
monocytogenes on shrimps during refrigerated storage.

3.4. Morphological changes of L. monocytogenes

To preliminarily evaluate the antilisterial mechanism of nisin and
GSE, AFM analysis was conducted to reveal the morphological changes
of L. monocytogenes cells (Liu & Yang, 2019). According to the captured
images (Fig. 4A–C), all three L. monocytogenes strains in the control

Fig. 4. Atomic force microscopy (AFM) images of L. monocytogenes SSA184 (A), SSA97 (B) and LM10 (C) under different treatments; (D) Changes in width, length and
root mean squared (RMS) roughness. Note: within the same column, values with different lowercase letters are significantly different (P < 0.05).
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group showed intact, plump and smooth surface. Generally, the mor-
phology of GSE-treated bacterial cells presented similar rod shape to
that of untreated cells. However, some bulge and wrinkles were ob-
served on the cell surface. As for the samples treated with nisin or its
combination with GSE, cell structures became deformed as compared
with natural shape and cell surface turned coarse, irregular with some
pores on it, indicating the partial destroy of bacterial cells. Moreover,
the bacterial cells aggregated together without distinct cellular
boundaries. These findings were in accordance with a previous re-
search, showing that cell surface became rough and cell walls were
severely damaged after exposure to nisin (Liu, Pei, Han, Feng, & Li,
2015).

Furthermore, the bacterial cells treated with combined nisin and
GSE were markedly distorted or even ruptured as some fragments were
observed. It is notable that after exposure to nisin or its combination
with GSE, the cells presented some wrinkles and residues in the surface
of cell membranes which might be the exudative intracellular sub-
stances such as protein, nucleic acid and the destroyed lipid bilayer
structure (Jin, Zhang, & Boyd, 2010). A previous study indicated that
combined nisin and GSE showed enhanced antimicrobial effect against
L. monocytogenes by forming pores, inducing leakage of cytoplasmic
biomacromolecules as well as disturbing pivotal intracellular metabo-
lism (Zhao et al., 2020).

Quantitative analysis completed using Gwyddion software further
uncovered the dimensional changes of the L. monocytogenes (Fig. 4D).
The width of L. monocytogenes SSA184, SSA97 and LM10 cells imaged
by AFM were 0.78, 0.90, and 1.03 μm, respectively. No significant
difference in width (0.63–0.94 μm) was observed between the GSE-
treated cells and the respective control samples (P > 0.05). However,
the width of all tested L. monocytogenes strains decreased after

antimicrobial treatments of nisin and its combination with GSE by up to
24.36% and 39.74%, respectively.

Similar findings were observed for the changes in height. The
heights of individual control cells were 0.41, 0.45 and 0.47 μm for
SSA184, SSA97 and LM10, respectively. Nisin and its combination with
GSE significantly reduced the cell width, especially for the SSA184
strain (P < 0.05). Specifically speaking, the combined treatment re-
duced the cell width of SSA184 to 0.25 μm, followed by the nisin
treatment (0.30 μm). Furthermore, RMS roughness was further mea-
sured to evaluate surface morphological variations. The RMS roughness
values of each control group were kept as a relatively low level
(3.57–4.49 nm). However, nisin and GSE treatments significantly in-
creased the surface roughness of L. monocytogenes, in particular, the
SSA184 strain (P < 0.05). The combination treatment resulted in the
largest RMS roughness value (SSA184: 10.12 nm) which was almost 3
times of the respective control one.

Based on the AFM images and quantitative results, it is suggested
that nisin resulted in cell morphology changes and pores formation.
Therefore, we inferred that the nisin destroyed the cytoplasmic mem-
brane by forming pores and changing cell membrane permeability.
These results were supported by previous studies which proposed that
the inactivation mechanism of nisin against bacteria included de-
stroying bacterial cell membranes which led to pore formation and cell
collapse (Santos et al., 2018). On the other hand, although the anti-
microbial effect of GSE especially on Gram-positive bacteria have been
well studied, limited studies were carried out on its action mechanism
analysis (Adámez, Samino, Sánchez, & González-gómez, 2012). Kao
et al. (2010) found that the GSE inactivated S. aureus by inhibiting
enzyme activities such as dihydrofolate reductase. In addition, Zhao
et al. (2020) indicated that the GSE inactivated L. monocytogenes by

Fig. 5. Colour changes of shrimps under different treatments during storage. (A) L*; (B) a*; (C) b*; (D) overall colour difference of shrimps (ΔE). Note: Mean values
with different lowercase on the same day and uppercase letters in the same group are significantly different (P < 0.05). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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inhibiting enzyme activities such as TCA cycle, energy-producing
pathway and amino acid metabolism. The antimicrobial mechanism of
procyanidins (primary component of GSE) has been studied in previous
research. For example, disruption of cell morphology, cell permeability
and cell integrity of two E. coli strains were observed after treatment of
procyanidins from lotus seedpod (Tang, Xie, & Sun, 2017). Li et al.
(2017) studied the antibacterial mechanisms of Larch bark procyani-
dins on S. aureus from the aspects of morphological structure, cell wall
and membrane, essential proteins, and genetic material. The results
showed that procyanidins inhibited the survival of S. aureus not only by
destroying the cell walls and membranes but also by affecting protein
synthesis and binding to DNA to form complexes. The possible me-
chanism of GSE and nisin might be like this: the nisin firstly destroys the
structure of bacterial cell wall and changes the permeability of cell
membranes, and then GSE together with nisin enters the cell and in-
teracts with intercellular components.

3.5. Colour changes of shrimps during storage

Shrimps inoculated with L. monocytogenes SSA184 was chosen as a
model to assess the effect of nisin and GSE on colour qualities during
12-day storage. As presented in Fig. 5, the L* value of shrimps treated
with GSE only or combined GSE (day 0, within 1h after antimicrobial
treatment) was significantly smaller than the control and nisin groups
(P < 0.05), indicating that the addition of GSE darkened the shrimps.
After 6 days, no significant difference on lightness was observed among
four groups (P > 0.05). Inhibited decrease of lightness on GSE-treated
shrimps suggested that GSE contributed to the lightness maintenance
during storage as compared with the control and nisin groups. These
results were consistent with a previous research reporting the effect of
GSE on inhibiting lightness fading of meat products (Kulkarni,
DeSantos, Kattamuri, Rossi, & Brewer, 2011). It is also observed that no
significant changes of a* and b* values were observed among different
groups during 12-day storage (P > 0.05). Moreover, there was no
significant difference in ΔE value between control group and nisin and/
or GSE treated groups after 3 days (P > 0.05). Generally, nisin treat-
ment did not negatively affect colour attributes of shrimps during sto-
rage. As for GSE treatment, though colour quality was slightly affected
in the beginning of storage, it provided an additional protection to
colour degradation during prolonged shelf life (Kakaei & Shahbazi,
2016).

4. Conclusion

The antimicrobial effects of nisin and GSE against L. monocytogenes
on shrimps were evaluated. Their combination yielded an enhanced
and more lasting antilisterial effect than working alone. Weibull and
Baranyi models satisfactorily fitted the survival and growth kinetics of
L. monocytogenes, respectively. The combination group required the
shortest time for 1 log CFU/g reduction of L. monocytogenes and resulted
in the minimum growth at 4 °C. Furthermore, L. monocytogenes were
visibly distorted with formed pores in the surface of cell membranes.
Interestingly, the colour of shrimps was not negatively influenced
during storage. In conclusion, the combined nisin and GSE could be a
promising strategy for seafood industry to control the L. monocytogenes
contamination and maintain the seafood safety.
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