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Abstract: This study aimed to investigate the mechanism underlying the synergistic an-
timicrobial effect of ferulic acid (FA) and ε-polylysine hydrochloride (PL) on Shewanella
putrefaciens (S. putrefaciens) and their application on crayfish (Procambarus clarkii). The treat-
ment with FA and PL exhibited a strong synergistic inhibitory effect against S. putrefaciens.
The combination of 1/4 Minimum Inhibitory Concentration (MIC) FA and 1/4 MIC PL
was the most effective, damaging the cell structure and inhibiting the growth of S. putrefa-
ciens. Plasma-activated water (PAW) can induce microbial inactivation through physical
action. In addition, treatments with FA, PL, PAW, PAW-FA, PAW-PL, and PAW + PL-FA
substantially decreased total viable counts (TVCs), total volatile base nitrogen (TVB-N), the
thiobarbituric acid value (TBA), and the juice loss rate of crayfish, with FA-PL showing the
best effect. This study confirmed the antimicrobial efficacy of PL, FA, and PAW, indicating
their potential as effective preservatives for controlling spoilage in freshwater crustaceans.

Keywords: crayfish; Shewanella putrefaciens; ferulic acid; ε-polylysine hydrochloride;
plasma-activated water

1. Introduction
Aquatic products are rich in nutrients and have a high moisture content, making them

susceptible to microbial growth during storage and transport, which can lead to spoilage [1–3].
Crayfish (Procambarus clarkii) are freshwater crustaceans that belong to the Astacoidea and
Parastacoidea superfamilies [4]. Crayfish is a significant economic freshwater product in
China, cherished by consumers for its delectable flavor and convenience [5]. Crayfish are
abundant in nutrients such as protein and lipids [6,7]. Shewanella putrefaciens (S. putrefaciens)
is among the Gram-negative specific spoilage organisms (SSOs) of aquatic products [3,8]. It
enzymatically breaks down proteins and fats, converting trimethylamine oxide into foul-
smelling compounds [9,10]. Therefore, inhibiting S. putrefaciens would be advantageous in
improving the quality of aquatic products.

ε-Polylysine hydrochloride (PL) is derived from the fermentation metabolites of Strep-
tomyces diastatochromogenes. It is a homopolymer of the natural polypeptide ε-polylysine,
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comprising 25 to 35 L-lysine residues [11,12]. PL exhibits a wide range of bacteriostatic
properties but has a limited impact on certain types of spoilage bacteria and food sensory
attributes [13]. PL has been recognized as a food additive in China since 2014 and is used
commercially in various countries [14,15]. However, limited information is available re-
garding the potential application and effects of PL on the growth and thermal inactivation
of S. putrefaciens.

Combining synergistic natural antimicrobial substances has shown greater efficacy
than using them individually, improving both antibacterial effectiveness and sensory
palatability [11,16]. Ferulic acid (4-hydroxy-3-methoxycinnamic acid, FA) has gained
attention due to its antioxidant properties, and it occurs naturally in various plants, such
as vegetables, coffee, nuts, and cereals [17,18]. However, the synergistic antibacterial
activity of phenolic acids and PL has not been assessed and requires confirmation through
antibacterial testing.

The application of plasma-activated water (PAW) as an aqueous disinfectant in the
food industry has garnered increasing attention [19,20]. During PAW preparation, active
nitrogen, active oxygen, and other active ingredients are possibly formed in the liquid,
contributing to the bactericidal activity in aquatic products. A study targeting white
shrimp showed that, compared with tap water ice, PAW ice had a significant advantage in
inhibiting microbial growth, which can delay the deterioration of color and hardness in
crayfish [21].

The study used a twofold dilution method to determine the MIC and the fractional
inhibitory concentration index (FICI) of FA and PL against the dominant spoilage bacterium
in aquatic products. The combined inhibitory mechanisms of FA and PL against S. putre-
faciens were preliminarily investigated with respect to cell wall integrity, cell membrane
permeability, bacterial micromorphology, and nucleic acid synthesis. Subsequently, since
crayfish contained a variety of spoilage bacteria, not limited to S. putrefaciens. FA, PL,
and PAW were used to investigate their impact on the quality changes in crayfish during
refrigeration, thereby assessing the overall effectiveness of the treatment (Figure 1).

Figure 1. The schematic graphic of the experiment. The upper section depicts the screening of FA
and PL, while the lower section illustrates the preparation of plasma-activated water. The objective is
to observe its effect on the quality of crayfish.
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2. Materials and Methods
2.1. Chemicals and Bacterial Strains

FA and PL were purchased from Aladdin Biochemical Technology Co., Ltd. (Beijing,
China). N-Phenyl-1-naphthylamine (NPN) and propidium iodide (PI) were purchased
from Yuanye Bioengineering Institute Co., Ltd. (Beijing, China). Marker, DNA Ladder, and
phosphate-buffered saline (PBS) were purchased from Solarbio Co., Ltd. (Beijing, China).
Sodium chloride and agar powder were purchased from Yongda Chemical Reagent Co.,
Ltd. (Beijing, China). The S. putrefaciens (CICC 22940) was procured from the China Center
for Industrial Culture Collection (CICC) and stored at −80 ◦C. All other reagents were
commercial analytical grade.

2.2. Antibacterial Test of PL and FA
2.2.1. Determination of MIC Values

The broth micro-dilution method was employed to determine the MIC of PL and
FA [22]. The bacterial suspension of S. putrefaciens was diluted to 107 CFU/mL after
inoculation in Tryptic Soy Broth (TSB) and incubation at 30 ◦C, reaching the logarithmic
phase. In a 96-well polystyrene microtiter plate, the PL solution was diluted to obtain 9
different concentrations (10 mg/mL, 5 mg/mL, 2.5 mg/mL, 1.25 mg/mL, 0.625 mg/mL,
0.313 mg/mL, 0.157 mg/mL, 0.0781 mg/mL, 0.0391 mg/mL) by TSB broth medium. The FA
solution underwent serial dilution in a 96-well plate using TSB broth medium to generate
nine concentration gradients: 6 mg/mL, 3 mg/mL, 1.5 mg/mL, 0.75 mg/mL, 0.375 mg/mL,
0.188 mg/mL, 0.093 mg/mL, 0.047 mg/mL, and 0.023 mg/mL. Controls included TSB
without bacteria and a bacterial suspension incubated without antimicrobials. The plates
were incubated at 30 ◦C for 24 h. Subsequently, the absorbance at OD600 was measured
using a microplate reader (SpectraMax I3x, Molecular Devices, Shanghai, China).

2.2.2. Determination of the FICI Values

The checkerboard method devised by Cao et al. [23] was used to determine the FICI
values for the combination of FA and PL. Serial 2-fold dilutions of FA and PL were made
in a 96-well plate, ranging from 1/32 MIC to 4 MIC to obtain different concentration
combinations. The S. putrefaciens suspension was adjusted to 107 CFU/mL per well and
incubated at 30 ◦C for 24 h. The FICI was calculated following Formula (1):

FICI = MIC(A/B)/MICA + MIC(B/A)/MICB (1)

MICA is the MIC of FA, and MICB is the MIC of PL. For the interpretation of the results,
an FICI ≤ 0.5 indicates a synergistic effect of FA and PL combinations.

2.2.3. Time-Killed Curve Plotting

An inoculum of S. putrefaciens suspension, cultured to the logarithmic phase, was
introduced into 100 mL of TSB suspension with varying concentrations of preservatives (0,
MIC FA, MIC PL, FA, 1/4 MIC PL, 1/4 MIC FA + 1/4 MIC PL) to achieve a concentration of
107 CFU/mL. The plates were then incubated at 30 ◦C in a constant-temperature incubator.
At predetermined intervals, a specific volume of bacterial suspension was sampled to assess
the viable bacterial count.

2.2.4. Determination of Alkaline Phosphatase (AKP) Activity

The S. putrefaciens suspension in the logarithmic phase (107 CFU/mL) was centrifuged,
and the sedimented bacteria were washed twice with saline. Different concentrations of
preservatives (MIC FA, MIC PL, 1/4 MIC FA, 1/4 MIC PL, 1/4 MIC FA + 1/4 MIC PL)
were added. After 6 h of incubation in a thermostatic water bath at 30 ◦C, the samples were



Foods 2025, 14, 1942 4 of 15

centrifuged to collect bacterial cells. The bacterial suspensions were then subjected to ultra-
sonic crushing in a 400 W ice water bath for 5 min until the suspension was clarified. After
centrifugation, the supernatant was collected for the determination of intracellular alkaline
phosphatase activity using an Alkaline Phosphatase Assay Kit (Jiancheng Bioengineering
Co., Ltd., Jiangsu, China).

2.2.5. Determination of Extracellular Membrane Permeability

An N-phenyl-1-naphthylamine (NPN) fluorescent probe uptake assay was used to
investigate the permeability of the outer membrane of S. putrefaciens pombe. NPN was
obtained using the previous process with modifications [24]. After preservative treatment
for 6 h, the samples were centrifuged (6000 rpm/min, 4 ◦C, 10 min) and resuspended in
1 mL of physiological saline. Then, 20 µL of NPN (0.5 mmol/L) was added, and the mixture
was incubated in the dark at 25 ◦C for 10 min. Thereafter, fluorescence was quantified at an
excitation wavelength of λex = 350 nm and an emission wavelength of λem = 429 nm.

2.2.6. Propidium Iodide (PI) Uptake

PI was used to evaluate the cell membrane permeability of S. putrefaciens [25]. The
samples were treated with the preservative for 6 h. The cells were suspended in 1 mL
of physiological saline, and 100 µL of PI (100 µg/mL) staining solution was added. The
mixture was then incubated for 15 min at 37 ◦C in the dark. Fluorescence was quantified
at an excitation wavelength of 482 nm and an emission wavelength of 635 nm. The
fluorescence intensity was measured and observed using a fluorescent inverted microscope,
with images captured (Axio Imager.A2, Carl Zeiss AG, Shanghai, China).

2.2.7. Leakage of Intracellular K+

Refer to Section 2.2.4 for the pre-treatment of the sample. After treating the samples
with preservatives for 6 h, they were centrifuged at 6000 rpm for 10 min. The supernatant
was collected, and the Potassium Assay Kit (Jiancheng Bioengineering Co., Ltd., Nanjing,
China) was used to determine the potassium content of S. putrefaciens according to the
provided instructions.

2.2.8. Cell Morphology Observation

Scanning electron microscopy (SEM) analysis was performed following a previously
reported method [26]. Refer to Section 2.2.4 for the pre-treatment of the sample. The cells
were fixed with 2.5% glutaraldehyde solution for 12 h at 4 ◦C and rinsed with PBS three
times. The cell pellets were dehydrated in ethanol solutions of increasing concentrations
(30%, 50%, 70%, 85%, 90%, and 100%) for 15 min each and washed twice with isopentyl ac-
etate for 20 min each time. Finally, the samples were collected by centrifugation, lyophilized,
gold-sprayed, and observed using scanning electron microscopy (FEI, Hillsboro, OR, USA).

2.2.9. DNA Extraction

The DNA extraction was conducted according to a previous report with slight modifi-
cation [27]. S. putrefaciens was cultured to the log phase, and its genomic DNA was extracted
using a Bacterial Genomic DNA Extraction Kit (Solarbio, Co., Ltd., Beijing, China). The
mixture was subjected to electrophoresis on agarose gel (1%, 100 V, 45 min) and visualized
using a gel imaging system (Gel Doc XR+, Bio-rad, Hercules, CA, USA).

2.3. Application of PL and FA in Crayfish
2.3.1. Preparation and Treatment of Crayfish

Crayfish were prepared as described by Tang et al. [5]. Live crayfish (20 g ± 2.5 g body
weight, approximately 240 individuals) were purchased from the Shiping Breeding Base
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(Baoding, China). After being immersed in crushed ice and suffocated to death, the heads
were removed, the shells peeled, the crayfish cleaned, and the water drained. The tail meat
of the crayfish was collected. These prepared crayfish served as the experimental samples.

All the crayfish were randomly divided into eight groups (approximately 30 in each
group): (1) CK: control check; (2) FA: MIC FA treatment; (3) PL: MIC PL treatment;
(4) PL-FA: 1/4 MIC FA combined with 1/4 MIC PL treatment; (5) PAW: PAW treatment;
(6) PAW-FA: PAW combined with 1/4 MIC FA treatment; (7) PAW-PL: PAW combined with
1/4 MIC PL treatment; (8) PAW + PL-FA: PAW combined with 1/4 MIC FA and 1/4 MIC PL
treatment. The crayfish were immersed in their respective solutions for 20 min, then stored
in sterile sealed bags and refrigerated at 4 ◦C. The indicators for each group of crayfish
were measured on days 1, 2, 3, 5, and 7 to assess freshness.

2.3.2. Preparation of Low-Temperature Plasma-Activated Water (PAW)

A low-temperature plasma dry and wet preservation processor (SY-JXDW-01, Suzhou
Fengyuanbao Agricultural Technology Co., Ltd., Suzhou, China) was used to prepare PAW.
In this process, 100 mL of distilled water was placed in a beaker containing crushed ice.
The distance between the preparation rod and the distilled water level was set to 1 cm, with
a power setting of 40 W, a flow rate of 20 L/min, and a processing time of 1 h.

2.3.3. Determination of Color Difference

The color parameters of crayfish were measured on the 2nd to 3rd abdominal seg-
ments of the tail using a portable colorimeter (YS2580, Sanen Times Technology Co., Ltd.,
Shenzhen, China). Prior to measurement, the instrument was calibrated using standard
black and white reference plates. The recorded colorimetric values included lightness (L*),
red–green chromaticity (a*), and yellow–blue chromaticity (b*).

2.3.4. Total Viable Counts (TVCs)

Total viable counts were determined using the pour plate method on plate count agar
(PCA), according to method of Wang et al. [28]. Ten g of crayfish flesh was homogenized
in 18 mL of sterile water using a food homogenizer (FSH-2, Mengte Co., Ltd., Xianmen,
China). The samples were incubated in a constant temperature incubator at 30 ◦C for
72 ± 3 h. The results were expressed as colony-forming units (CFU).

2.3.5. Total Volatile Base Nitrogen (TVB-N) Value

The total volatile base nitrogen was measured according to the method of Chen
et al. [29]. The 5 g sample was homogenized with 50 mL of distilled water using an electric
mixer homogenizer. Then, the TVB-N was determined in the semi-automatic Kjeldahl
Apparatus (Haineng Technology Instrument Co., Ltd., Jinan, China).

2.3.6. Determination of pH

The treated sample (2 g) was mixed with 20 mL of distilled water, followed by homog-
enization and centrifugation (4500 rpm, 4 ◦C, 8 min). The supernatant was collected, and
its pH was measured using a pH meter (ST2200ZH, Aohaosi Co., Ltd., Shanghai, China)
equipped with a calibrated acidimeter. Each sample was repeated 3 times, and the results
were averaged.

2.3.7. Determination of Juice Loss of Meat

The previous method determined the juice loss of meat with minor modifications.
The weight of crayfish was measured before refrigeration. Subsequently, the crayfish were
removed at intervals according to the specified number of days. The surface moisture of
the crayfish in each treatment group was absorbed with filter paper, and they were then
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placed on an electronic balance for weighing (ME 104/02, METTLER TOLEDO Co., Ltd.,
Shanghai, China). The juice loss of the meat was calculated following Formula (2):

Juice loss of Meat (%) = (m1 − m2)/m1 × 100 (2)

m1 is the quality of the crayfish before refrigeration, and m2 is the quality of the
crayfish after refrigeration.

2.4. Statistical Analysis

All sampling was conducted a minimum of three times. The data are presented as
mean values ± standard deviation (SD), and statistical analysis was performed using SPSS
26.0 (SPSS, IBM, Chicago, IL, USA). One-way ANOVA followed by Duncan’s multiple
range test was used to determine significant differences (p < 0.05) between the means. All
figures were created using Origin 2019.

3. Results and Discussion
3.1. Synergistic Antibacterial Effect of FA and PL

The MIC and FICI of FA and PL were used to determine the combined inhibitory
effect of FA and PL on S. putrefaciens. The MIC FA and MIC PL were 3.0 mg/mL and
0.156 mg/mL, respectively. The FICI of the two in combination was 0.5 (1/4 + 1/4). Based
on the experimental results, the combination of 1/4 MIC FA and 1/4 MIC PL was chosen
for further experiments due to their synergistic effect.

The inhibitory effects of FA, PL, and their combination on S. putrefaciens were further
assessed by time–kill curves (Figure 2A). The inhibitory effect of 1/4 MIC FA and 1/4 MIC
PL after 24 h of treatment was similar to that of the control group without the addition of
preservative. In the 1/4 MIC FA + 1/4 MIC PL group, the number of colonies of S. putrefa-
ciens decreased significantly before 6 h, and stabilized after 6 h. This effect was similar to
the inhibitory effects of MIC FA (2.490 log10 CFU/mL) and MIC PL (3.766 log10 CFU/mL).
The results showed that 1/4 MIC FA and 1/4 MIC PL alone could not inhibit the growth of
S. putrefaciens. In comparison, the combined use of 1/4 MIC FA + 1/4 MIC PL achieved
the bactericidal effect of a single preservative, MIC, and the number of colonies in the
combined group was lower than that of the group treated with MIC FA and MIC PL. Li
et al. [11] found that when hydrochloride compounds were tested for their synergistic
antibacterial effects with gallic acid, they completely inhibited the growth of S. putrefaciens
and caused cell death.

Figure 2. Time–kill curves of S. putrefaciens treated with FA and PL at 24 h (A). The effect of FA
and PL on the activity of AKP in S. putrefaciens (B). Different lowercase letters (a, b, c, d, e, and f)
indicate significant differences in AKP activity among the six different groups (p < 0.05). The data are
expressed as mean values ± standard deviation (SD).
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3.2. Effect of FA and PL on the S. putrefaciens Cell Wall

The cell wall is a critical structural component that protects the cell from foreign macro-
molecules and maintains its shape and mechanical strength [11]. Alkaline phosphatase
(AKP) is mainly present between the cell wall and membrane. AKP leaks out from the wall
membrane when the cell wall is damaged [30]. Therefore, changes in the AKP content of the
organism can indicate cell wall disruption. The results shown in Figure 2B indicated that
the control group had the highest AKP activity at 6 h. The AKP activity of S. putrefaciens
treated with MIC FA and MIC PL was significantly reduced (p < 0.05), indicating that
both FA and PL could disrupt the integrity of the cell wall of S. putrefaciens, leading to
the leakage of bacterial AKP. These findings suggested that the combination of FA and PL
significantly augmented the disruption of cell wall integrity in S. putrefaciens, indicating a
synergistic effect between the two compounds.

3.3. Effect of FA and PL on the Permeability of Cell Membranes of S. putrefaciens
3.3.1. Influence of Extracellular Membrane Permeability

N-phenyl-1-naphthylamine (NPN) is a hydrophobic fluorescent probe that enhances
its fluorescence intensity in non-polar or hydrophobic environments [26]. As shown in
Figure 3A, each treatment resulted in increased NPN, suggesting that both FA and PL
disrupted the extracellular membrane of S. putrefaciens. Furthermore, FA exhibited a more
vital ability to disrupt the extracellular membrane than PL. In addition, the combination
of 1/4 MIC FA and 1/4 MIC PL exhibited greater efficacy in disrupting the extracellular
membrane of S. putrefaciens compared to MIC PL alone. This result suggested that the
combination of 1/4 MIC FA and 1/4 MIC PL enhances the destructive effect of PL on the
extracellular membrane of S. putrefaciens, resulting in a synergistic inhibitory outcome.
The combined effect of PL and phenolic acids was significant compared to when each
preservative was used alone, showing better efficacy than each on its own [11].

Figure 3. Effect of FA and PL on the permeability of the extracellular membrane (A). Effect of FA
and PL on the fluorescence intensity of PI (B). Effect of FA and PL on the leakage of K+ (C). Different
lowercase letters (a, b, c, d, e, and f) denote significant differences at p < 0.05 among the six groups of
the same type. The data are expressed as mean values ± standard deviation (SD).

3.3.2. Propidium Iodide (PI) Uptake

PI can be used to evaluate the permeability of the cytoplasmic membrane [31]. PI can
enter cells with damaged cytoplasmic membranes, where it binds to the double-stranded
structure of the DNA molecule, which then fluoresces red upon excitation. The PI uptake
test of 1/4 MIC FA and 1/4 MIC PL, as well as their combination, demonstrated a significant
increase in the absorption of the fluorescent nucleic acid stain after 6 h of exposure to
antimicrobial agents compared to the control (Figure 3B). The fluorescence intensity after
FA and PL treatment increased with the concentration of FA and PL. Individual MIC
FA exhibited a lower rate of increase in fluorescence intensity compared to MIC PL. The
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fluorescence intensity observed in the combination groups of 1/4 MIC FA and 1/4 MIC
PL was significantly greater than that in the individual treatment groups, indicating a
synergistic effect.

Fluorescence inverted microscopy can be used to qualitatively assess the effects of
FA and PL on the permeability of the cytoplasmic membrane of S. putrefaciens [24]. As
shown in Figure 4a, less red fluorescence was observed, indicating that the cytoplasmic
membrane remained intact. Treated with MIC FA, MIC PL, and the combination of 1/4 MIC
FA and 1/4 MIC PL, S. putrefaciens exhibited extensive red fluorescence emission, as shown
in Figure 4b–f, indicating significant disruption in the permeability of the cytoplasmic
membrane. The synergistic effect was the most pronounced, and the combination of
citral and carvacrol also demonstrated a strong bactericidal effect [23]. This finding aligns
with the fluorescence intensity data presented earlier (Figure 2B), further supporting the
synergistic action of the combination of 1/4 MIC FA and 1/4 MIC PL in disrupting the
intracellular membranes of S. putrefaciens. These results indicate that the disruption of
cytoplasmic membranes could account for the microbial inactivation induced by 1/4 MIC
FA and 1/4 MIC PL [24].

 
Figure 4. Effect of FA and PL on the permeability of cell membranes and apoptosis. (a): Control
group; (b): MIC FA; (c): MIC PL; (d): 1/4 MIC FA; (e): 1/4 MIC PL; (f): 1/4MIC FA + 1/4 MIC PL.

3.3.3. K+ Analysis

Figure 3C shows the effects of different preservatives on the leakage of potassium
(K+) ions from the S. putrefaciens in 6 h. Leakage of K+ occurred to varying degrees using
differently treated S. putrefaciens, with the K+ in the control supernatant being 0.203 mmol/L.
The K+ leakage in the combination of 1/4 MIC FA and 1/4 MIC PL (0.446 mmol/L) was
higher than with 1/4 MIC FA (0.276 mmol/L) and 1/4 MIC PL (0.318 mmol/L). The K+

leakage was similar to that of MIC FA, suggesting a synergistic effect of the combination on
S. putrefaciens cells (p < 0.05).

3.4. Effect of FA and PL on Cell Morphology

The morphological changes of S. putrefaciens treated with FA and PL were observed
by SEM (Figure 5C) on the smooth cell surface. Changes in cell morphology suggest harm
to the cell wall and membrane, which could lead to cell inactivation or death [16]. The
cell wall and membrane are essential for maintaining cell shape and providing a stable
internal environment for cell development and chemical processes [16]. Cells treated with
MIC FA and MIC PL exhibited severe rupture, and cells stuck together, suggesting that
cytoplasmic material might be released. Cells treated with 1/4 MIC FA and 1/4 MIC PL
also exhibited sunken cell surfaces and shrinking cells with irregular edges, although some
cells still maintained an intrinsic rod-like morphology. Similar bacterial cell damage in
S. putrefaciens has been observed after treatment with different concentrations of PL [11].
In addition, the 1/4 MIC FA and 1/4 MIC PL treatments induced dramatic deformation
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and cracking in S. putrefaciens compared with individual utilization, which resulted in the
significant release of more cytoplasmic materials.

Figure 5. (A) Effect of FA and PL on the genomic DNA; (B) effect of FA and PL on the genomic
DNA in vivo; (C) cell morphology of S. putrefaciens. (a): Control group; (b): MIC FA; (c): MIC PL;
(d): 1/4 MIC FA; (e): 1/4 MIC PL; (f): 1/4MIC FA + 1/4 MIC PL.

3.5. Effect of FA and PL on the Genomic DNA of S. putrefaciens

DNA is one of the essential genetic materials in living organisms, serving as a macro-
molecule indispensable for the normal growth, development, and functioning of these
organisms [32]. Any reduction in DNA content or damage to DNA can affect the normal
expression of genes, leading to the blockage of intracellular enzyme and receptor protein
synthesis, ultimately resulting in the death of the organism [32]. PL can penetrate cells and
interact with DNA, thereby influencing the synthesis of biomolecules [33,34]. As shown in
Figure 5A, the DNA bands in the control group were the brightest and most abundant. The
bands in the 1/4 MIC FA were slightly weakened compared to those in the control group,
while the DNA bands in the 1/4 MIC PL group were significantly reduced in brightness
and intensity compared to the MIC FA group. The bands in the other treatment groups
were dispersed and disappeared, indicating that PL has a strong degradation effect on the
DNA of S. putrefaciens, with the intensity of degradation being significantly higher than that
of FA. In addition, the DNA bands in the combination of 1/4 MIC FA and 1/4 MIC PL were
also dispersed, suggesting an enhanced DNA degradation effect from the combination.

In vitro experiments can demonstrate whether a preservative adversely affects DNA,
but its impact in vivo is often modulated by the body’s inherent defense and protective
mechanisms [33]. Therefore, the effect of different concentrations and types of preservatives
on the DNA of S. putrefaciens in vivo was examined. As shown in Figure 5B, the DNA
bands of the control group were bright. Following treatment with FA and PL, the brightness
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of the DNA bands of S. putrefaciens decreased across all groups, with the most significant
reductions observed in the composite group, MIC PL, and 1/4 MIC PL.

Combined experimental analyses of FA and PL on the in vitro DNA of S. putrefaciens
pombe revealed that DNA degradation in vivo was significantly lower compared to in vitro
conditions. This difference may be attributed to the fact that the preservative must penetrate
the bacterial cell wall and membrane, which serve as the first line of defense in vivo,
resulting in an intracellular concentration of the preservative insufficient to induce complete
DNA degradation [32]. In conclusion, findings from both in vitro and in vivo experiments
suggest that FA and PL can disrupt the normal DNA anabolism process, demonstrating a
synergistic effect in inducing DNA damage.

3.6. Effects of PAW, PL, and FA on Quality of Crayfish
3.6.1. Color Difference Analysis

Color represents a primary and direct parameter for evaluating visual quality, playing
a pivotal role in shaping consumer perceptions of the overall appearance and acceptability
of seafood during purchasing decisions [35]. As shown in Table 1, the L* values of crayfish in
all treatment groups exhibited a decreasing trend during storage, which may be attributed
to the oxidation of myoglobin to metmyoglobin, leading to the darkening of the crayfish
meat over time. The a* values of crayfish meat exhibited an overall increasing trend, with
the blank control group showing the most rapid growth in a* values. Notably, the b*
values of the control group (CK) showed the most significant increase compared to other
treatment groups.

Table 1. The crayfish color difference experiment results.

Group 1 d 2 d 3 d 5 d 7 d

L*

CK 81.95 ± 1.08 d 80.07 ± 0.57 b 79.63 ± 1.86 b 78.01 ± 2.25 c 72.93 ± 2.22 c

FA 82.88 ± 0.83 cd 81.85 ± 0.96 ab 81.27 ± 1.34 ab 79.93 ± 0.62 b 78.68 ± 0.38 ab

PL 85.14 ± 0.46 ab 82.97 ± 0.58 a 81.03 ± 1.07 ab 80.09 ± 1.14 ab 77.72 ± 0.12 ab

PL-FA 85.12 ± 0.97 ab 82.15 ± 0.31 ab 81.53 ± 0.22 ab 80.06 ± 0.18 ab 77.56 ± 1.67 ab

PAW 84.02 ± 0.36 bc 81.79 ± 2.20 ab 80.84 ± 1.46 ab 79.11 ± 0.69 bc 76.44 ± 0.13 b

PAW-FA 84.57 ± 0.49 ab 83.66 ± 1.31 a 82.23 ± 0.25 a 80.74 ± 0.85 ab 78.85 ± 1.19 a

PAW-PL 85.58 ± 0.68 a 84.12 ± 0.03 a 82.54 ± 1.55 a 81.97 ± 0.22 a 79.36 ± 0.85 a

PAW + PL-FA 84.10 ± 0.70 bc 83.21 ± 2.10 a 82.01 ± 1.40 ab 80.70 ± 0.67 ab 78.01 ± 0.36 ab

a*

CK 3.03 ± 0.17 a 3.67 ± 0.29 a 5.12 ± 0.13 a 7.05 ± 0.08 a 8.07 ± 0.18 a

FA 2.20 ± 0.12 bcd 2.38 ± 0.72 bc 3.40 ± 0.26 c 3.44 ± 0.13 cd 3.54 ± 0.15 d

PL 1.96 ± 0.35 cde 2.08 ± 0.12 c 3.04 ± 0.08 d 3.69 ± 0.15 bcd 4.08 ± 0.22 c

PL-FA 2.37 ± 0.17 bc 2.83 ± 0.20 b 3.56 ± 0.20 c 3.78 ± 0.20 bc 4.45 ± 0.28 b

PAW 2.54 ± 0.33 b 2.89 ± 0.37 b 3.92 ± 0.20 b 4.01 ± 0.09 b 4.27 ± 0.12 bc

PAW-FA 1.91 ± 0.10 de 2.00 ± 0.32 c 2.43 ± 0.09 e 2.88 ± 0.19 e 3.43 ± 0.09 d

PAW-PL 1.60 ± 0.26 e 1.83 ± 0.32 c 2.98 ± 0.10 d 3.48 ± 0.32 cd 3.96 ± 0.22 c

PAW + PL-FA 2.29 ± 0.22 bcd 2.44 ± 0.28 bc 3.46 ± 0.22 c 3.39 ± 0.24 d 4.27 ± 0.10 bc

b*

CK 8.45 ± 0.39 a 8.90 ± 0.31 a 9.28 ± 0.66 a 10.90 ± 0.16 a 12.22 ± 0.18 a

FA 7.65 ± 0.24 bcd 8.29 ± 0.46 ab 8.60 ± 0.51 ab 9.43 ± 0.65 bc 10.19 ± 0.04 b

PL 7.65 ± 0.51 bcd 7.94 ± 1.26 ab 9.07 ± 0.19 ab 9.47 ± 0.22 bc 9.97 ± 0.21 bc

PL-FA 7.97 ± 0.16 abc 8.41 ± 0.55 ab 8.89 ± 0.69 ab 9.70 ± 0.38 b 10.21 ± 0.71 b

PAW 8.03 ± 0.23 ab 8.29 ± 0.34 ab 8.93 ± 0.55 ab 9.48 ± 0.23 bc 10.65 ± 0.78 b

PAW-FA 7.44 ± 0.32 cd 8.12 ± 0.48 ab 8.54 ± 0.23 ab 9.22 ± 0.17 bcd 9.90 ± 0.11 bc

PAW-PL 7.18 ± 0.11 d 7.59 ± 0.53 b 8.41 ± 0.55 ab 8.97 ± 0.31 cd 8.95 ± 0.72 c

PAW + PL-FA 7.85 ± 0.17 bc 8.16 ± 0.38 ab 8.27 ± 0.39 b 8.61 ± 0.49 d 9.77 ± 0.47 bc

The results are expressed as the means ± standard deviations. Different lowercase letters (a, b, c and d) indicate
significant differences among the different groups within the same color parameter (p < 0.05).
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3.6.2. Bacteriostatic Analysis

TVC is an important index of crayfish freshness, reflecting the antibacterial effects of
FA and PL in crayfish. Consequently, the TVC of crayfish contaminated with S. putrefaciens
was evaluated at 4 ◦C. As shown in Figure 6A, the TVC in all groups increased in a
time-dependent manner. The CK exhibited faster growth, with TVC reaching 6.892 log10

CFU/g on d 7. At this point, the TVC of crayfish exceeded 6.0 log10 CFU/g, resulting in
decayed and inedible crayfish meat. The growth rate of TVC in the PAW + PL-FA group
was substantially slower than other groups on d 7. Li et al. [11] also reported that the
combination of PL and gallic acid reduced total viable counts compared to the control
and extended the shelf life of raw sea bass. The results indicate that the combination of
preservatives and PAW treatment can significantly inhibit the growth of microbial colonies
in crayfish, with its inhibitory effect being higher than that in the untreated group.

Figure 6. (A) Total viable counts (TVCs) with FA, PL, and PAW treatments of the crayfish. (B) S.
putrefaciens bacteriostatic analysis with FA, PL, and PAW treatments of the crayfish. Effect of FA, PL,
and PAW on the preservation of crayfish. (C) Effect of FA and PL on the preservation of crayfish.
Total volatile base nitrogen (TVB-N); (D) thiobarbituric acid reactive substance (TBA); (E) pH analysis;
(F) juice loss rate of meat. The data are expressed as mean values ± standard deviation (SD).

3.6.3. S. putrefaciens Bacteriostatic Analysis

The deterioration of frozen foods typically correlates with the proliferation and
metabolic activities of psychrophilic and specific spoilage bacteria [36]. S. putrefaciens
is a predominant spoilage organism commonly found in aquatic products, possessing a
potent ability to induce spoilage, thereby influencing the organoleptic quality of crayfish.
As shown in Figure 6B, crayfish in all treatment groups showed the growth of S. putrefa-
ciens during 7 d, and the CK, without any preservation treatment, showed the most rapid
growth, reaching 7.738 log10 CFU/g on d 7. The growth rate of S. putrefaciens in the PL
and FA treatment groups was significantly slower than that in the CK. On this basis, the
amount of S. putrefaciens in the three groups with PAW was reduced to 5.567, 5.999, and
5.999 log10 CFU/g at the end of cold storage, and the number of bacterial colonies was less
than that of PAW and the three groups of preservative treatments. It was seen that double
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immersion treatment could better inhibit the growth and reproduction of S. putrefaciens.
The combination may enhance the synergistic bacteriostatic effect [11].

3.6.4. TVB-N Analysis

The changes in TVB-N, an essential indicator for assessing the freshness of aquatic
products, reflect the level of protein and amine degradation [5]. Research has demonstrated
that TVB-N, originating mostly from microbial-driven degradation of aquatic proteins,
causes the production of alkaline volatile chemicals such as ammonia and amines. Lower
TVB-N levels indicate less degradation of nutrients like tyrosine and methionine, which
indicates better nutrient preservation [37,38]. The changes in TVB-N values of crayfish
treated with FA and PL are shown in Figure 6C. The rate of increase of the TVB-N value of
the CK was significantly higher than that of the other treatment groups. The initial TVB-N
value of crayfish was 7.467 mg/100 g, reaching the highest value of 27.627 mg/100 g after
7 d. Tang et al. also reported that the TVB-N value of the crayfish increased with time, and
the initial TVB-N value was 8.00 mg/100 g [5]. After seven days of storage, the TVB-N value
of the CK crayfish exceeded 20 mg/100 g, the national requirement of Chinese hygienic
standards [21]. During the entire storage period, the TVB-N values in the FA, PL, and PL-FA
groups were significantly lower than those in the CK, with the PL-FA group exhibiting
the lowest TVB-N value. Considering the dosage and cost of preservatives, the combined
PAW+ treatment demonstrates superior effectiveness. The dual action of the preservative
and low-temperature plasma-activated water effectively inhibits bacterial propagation and
reduces the release of amino groups from amino acids [38].

3.6.5. TBA Analysis

TBA values typically indicate the level of lipid oxidation in aquatic products during
storage, which is primarily caused by the auto-oxidation of polyunsaturated fatty acids [5].
Lipid oxidation can produce unpleasant odors and induce rancidity and generate potential
precursors or catalysts for reactive oxygen species, leading to further food deterioration [15].
Throughout the storage period, the TBA value in the CK consistently increased and re-
mained considerably higher than in the FA, PL, and PL-FA groups (Figure 6D). Individually,
both PL and FA effectively controlled TBA levels. It may be because the PL or FA can inhibit
lipase activity, reduce the production of free fatty acids, and reduce the rate of fat oxidation.
Furthermore, when PAW is employed in conjunction with preservatives, the TBA values
exhibited a reduction compared to both the PAW and preservative groups individually.
PAW contains oxidative active particles [19], which can oxidize and decompose unsaturated
fatty acids in crayfish meat, leading to an increase in TBA. The preservative combined with
PAW immersion treatment significantly inhibited the increase in TBA levels in crayfish,
suggesting synergistic effects of PL and FA on preservation in crayfish. And the TBA value
during refrigeration was much less than the maximum limit of 1.0 mg/kg.

3.6.6. pH Analysis

pH serves as a comprehensive indicator reflecting the freshness of aquatic products
during the early stages of deterioration [39,40]. As shown in Figure 6E, the pH of crayfish
in all treatment groups exhibited a pattern of increasing, decreasing, and finally increas-
ing with the extension of storage. The initial decline in freshness could be attributed
to glycolysis, which results in glycogen degradation in the body to produce lactic acid
while consuming ATP to generate inorganic phosphate [41]. The increase in pH can be
attributed to the action of microorganisms and endogenous enzymes, resulting in the break-
down of proteins and nitrogenous substances into alkaline substances such as ammonia
and trimethylamine. The pH value is influenced by multiple factors and cannot serve
as a definitive indicator of crayfish quality changes. Therefore, it is essential to integrate
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additional parameters to comprehensively evaluate the preservation efficacy of aquatic
products [5,13].

3.6.7. Juice Loss Rate of Meat Analysis

The juice loss rate of meat serves as an indicator of the water-holding capacity of
meat products. An increase in the juice loss rate reduces the quality of aquatic products
and diminishes their weight, leading to economic losses [42]. As shown in Figure 6F,
with prolonged cold storage time, the water fluidity within the tissue structure of crayfish
increases, weakening the water-holding capacity and elevating the juice loss rate across
all treatment groups. The rate of crayfish juice loss in the CK increased most rapidly, from
2.77% on d 1 of refrigeration to 9.068% on d 7, showing the most significant increase. Among
them, the combination of PAW and preservative had the best effect; PAW and preservative
have an antibacterial effect and inhibit enzyme activity. The rise in the juice loss rate is
attributed to the proliferation of microorganisms and protein oxidation, contributing to the
accelerated juice loss.

4. Conclusions
The combination of 1/4 MIC FA and 1/4 MIC PL demonstrated a synergistic an-

tibacterial mechanism effect against S. putrefaciens. It accelerated cell membrane damage
and promoted the leakage of intracellular contents. This combination facilitated the entry
of FA and PL into the cells, disrupting DNA expression and ultimately leading to cell
death. Furthermore, preservatives combined with PAW effectively suppressed microbial
proliferation and delayed protein and fat oxidation. This method helps in maintaining meat
elasticity and moisture, thereby augmenting the taste and quality of crayfish. Therefore,
the combination of FA and PL, combined with PAW, could represent a novel strategy for
controlling crayfish storage. In addition, before their application in food products, the
combined effects of FA and PL with PAW require thorough investigation across a broad
range of microbes.
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FA ferulic acid
PL ε-polylysine hydrochloride
S. putrefaciens Shewanella putrefaciens
FICI fractional inhibitory concentration index
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PAW plasma-activated water
TVC total viable count
TVB-N total volatile base nitrogen
TBA thiobarbituric acid value
NPN N-phenyl-1-naphthylamine
PI propidium iodide
PBS phosphate-buffered saline
TSB Tryptic Soy Broth
PCA plate count agar
AKP alkaline phosphatase
SEM scanning electron microscopy

References
1. Yin, T.; Shi, L. Processing and Preservation of Aquatic Products. Foods 2023, 12, 2061. [CrossRef] [PubMed]
2. Rathod, N.B.; Ranveer, R.C.; Bhagwat, P.K.; Ozogul, F.; Benjakul, S.; Pillai, S.; Annapure, U.S. Cold plasma for the preservation of

aquatic food products: An overview. Compr. Rev. Food Sci. Food Saf. 2021, 20, 4407–4425. [CrossRef] [PubMed]
3. Dong, H.; Gai, Y.; Fu, S.; Zhang, D. Application of Biotechnology in Specific Spoilage Organisms of Aquatic Products. Front.

Bioeng. Biotechnol. 2022, 10, 895283. [CrossRef] [PubMed]
4. Ji, S.J.; Ahn, D.H.; Min, G.S. The complete mitochondrial genome of the South American freshwater crayfish, Parastacus nicoleti

(Crustacea, Decapoda, Parastacidae). Mitochondrial DNA Part B 2020, 5, 208–209. [CrossRef]
5. Tang, C.; Xu, Y.; Yu, D.; Xia, W. Label-free quantification proteomics reveals potential proteins associated with the freshness status

of crayfish (Procambarus clarkii) as affected by cooking. Food Res. Int. 2022, 160, 111717. [CrossRef]
6. Adegbusi, H.S.; Ismail, A.; Esa, N.M.; Daud, Z.A.; Shukri, N.H. Improving complementary feeding in low- and middle-income

countries: A review of crayfish’s nutritive and health values. Curr. Opin. Food Sci. 2024, 56, 101128. [CrossRef]
7. Liu, F.; Qu, Y.-K.; Geng, C.; Wang, A.-M.; Zhang, J.-H.; Li, J.-F.; Chen, K.-J.; Liu, B.; Tian, H.-Y.; Yang, W.-P.; et al. Analysis of the

population structure and genetic diversity of the red swamp crayfish (Procambarus clarkii) in China using SSR markers. Electron. J.
Biotechnol. 2020, 47, 59–71. [CrossRef]

8. Gao, X.; Li, P.; Mei, J.; Xie, J. TMT-Based Quantitative Proteomics Analysis of the Fish-Borne Spoiler Shewanella putrefaciens
Subjected to Cold Stress Using LC-MS/MS. J. Chem. 2021, 2021, e8876986. [CrossRef]

9. Yang, S.P.; Xie, J.; Cheng, Y.; Zhang, Z.; Zhao, Y.; Qian, Y.F. Response of Shewanella putrefaciens to low temperature regulated by
membrane fluidity and fatty acid metabolism. LWT 2020, 117, 108638. [CrossRef]

10. Guo, F.; Liang, Q.; Zhang, M.; Chen, W.; Chen, H.; Yun, Y.; Zhong, Q.; Chen, W. Antibacterial Activity and Mechanism of Linalool
against Shewanella putrefaciens. Molecules 2021, 26, 245. [CrossRef]

11. Li, Q.; Zhou, W.; Zhang, J.; Zhu, J.; Sun, T.; Li, J.; Cheng, L. Synergistic effects of ε-polylysine hydrochloride and gallic acid on
Shewanella putrefaciens and quality of refrigerated sea bass fillets. Food Control 2022, 139, 109070. [CrossRef]

12. Miya, S.; Takahashi, H.; Hashimoto, M.; Nakazawa, M.; Kuda, T.; Koiso, H.; Kimura, B. Development of a controlling method for
Escherichia coli O157:H7 and Salmonella spp. in fresh market beef by using polylysine and modified atmosphere packaging. Food
Control 2014, 37, 62–67. [CrossRef]

13. Liu, Q.; Zhang, M.; Bhandari, B.; Xu, J.; Yang, C. Effects of nanoemulsion-based active coatings with composite mixture of star
anise essential oil, polylysine, and nisin on the quality and shelf life of ready-to-eat Yao meat products. Food Control 2020, 107,
106771. [CrossRef]

14. Luo, Q.; Hossen, M.A.; Zeng, Y.; Dai, J.; Li, S.; Qin, W.; Liu, Y. Gelatin-based composite films and their application in food
packaging: A review. J. Food Eng. 2022, 313, 110762. [CrossRef]

15. Jia, Z.; Li, C.; Fang, T.; Chen, J. Predictive Modeling of the Effect of ε-Polylysine Hydrochloride on Growth and Thermal
Inactivation of Listeria monocytogenes in Fish Balls. J. Food Sci. 2019, 84, 127–132. [CrossRef] [PubMed]

16. Zhang, J.; Ye, K.-P.; Zhang, X.; Pan, D.-D.; Sun, Y.-Y.; Cao, J.-X. Antibacterial Activity and Mechanism of Action of Black Pepper
Essential Oil on Meat-Borne Escherichia coli. Front. Microbiol. 2017, 7, 2094. [CrossRef] [PubMed]

17. Han, H.; Dye, L.; Mackie, A. The impact of processing on the release and antioxidant capacity of ferulic acid from wheat: A
systematic review. Food Res. Int. 2023, 164, 112371. [CrossRef] [PubMed]

18. Kikuzaki, H.; Hisamoto, M.; Hirose, K.; Akiyama, K.; Taniguchi, H. Antioxidant Properties of Ferulic Acid and Its Related
Compounds. J. Agric. Food Chem. 2002, 50, 2161–2168. [CrossRef]

19. Xiang, Q.; Kang, C.; Niu, L.; Zhao, D.; Li, K.; Bai, Y. Antibacterial activity and a membrane damage mechanism of plasma-activated
water against Pseudomonas deceptionensis CM2. LWT 2018, 96, 395–401. [CrossRef]

https://doi.org/10.3390/foods12102061
https://www.ncbi.nlm.nih.gov/pubmed/37238879
https://doi.org/10.1111/1541-4337.12815
https://www.ncbi.nlm.nih.gov/pubmed/34355478
https://doi.org/10.3389/fbioe.2022.895283
https://www.ncbi.nlm.nih.gov/pubmed/35573247
https://doi.org/10.1080/23802359.2019.1699457
https://doi.org/10.1016/j.foodres.2022.111717
https://doi.org/10.1016/j.cofs.2024.101128
https://doi.org/10.1016/j.ejbt.2020.06.007
https://doi.org/10.1155/2021/8876986
https://doi.org/10.1016/j.lwt.2019.108638
https://doi.org/10.3390/molecules26010245
https://doi.org/10.1016/j.foodcont.2022.109070
https://doi.org/10.1016/j.foodcont.2013.09.028
https://doi.org/10.1016/j.foodcont.2019.106771
https://doi.org/10.1016/j.jfoodeng.2021.110762
https://doi.org/10.1111/1750-3841.14420
https://www.ncbi.nlm.nih.gov/pubmed/30569471
https://doi.org/10.3389/fmicb.2016.02094
https://www.ncbi.nlm.nih.gov/pubmed/28101081
https://doi.org/10.1016/j.foodres.2022.112371
https://www.ncbi.nlm.nih.gov/pubmed/36737957
https://doi.org/10.1021/jf011348w
https://doi.org/10.1016/j.lwt.2018.05.059


Foods 2025, 14, 1942 15 of 15

20. Guo, J.; Huang, K.; Wang, X.; Lyu, C.; Yang, N.; Li, Y.; Wang, J. Inactivation of Yeast on Grapes by Plasma-Activated Water and Its
Effects on Quality Attributes. J. Food Prot. 2017, 80, 225–230. [CrossRef]

21. Liao, X.; Su, Y.; Liu, D.; Chen, S.; Hu, Y.; Ye, X.; Wang, J.; Ding, T. Application of atmospheric cold plasma-activated water (PAW)
ice for preservation of shrimps (Metapenaeus ensis). Food Control 2018, 94, 307–314. [CrossRef]

22. Kang, J.; Liu, L.; Liu, M.; Wu, X.; Li, J. Antibacterial activity of gallic acid against Shigella flexneri and its effect on biofilm formation
by repressing mdoH gene expression. Food Control 2018, 94, 147–154. [CrossRef]

23. Cao, Y.; Zhou, D.; Zhang, X.; Xiao, X.; Yu, Y.; Li, X. Synergistic effect of citral and carvacrol and their combination with mild heat
against Cronobacter sakazakii CICC 21544 in reconstituted infant formula. LWT 2021, 138, 110617. [CrossRef]

24. Liu, X.; Zhang, M.; Meng, X.; He, X.; Zhao, W.; Liu, Y.; He, Y. Inactivation and Membrane Damage Mechanism of Slightly Acidic
Electrolyzed Water on Pseudomonas deceptionensis CM2. Molecules 2021, 26, 1012. [CrossRef] [PubMed]

25. Addo, K.A.; Li, H.; Yu, Y.; Xiao, X. Unraveling the mechanism of the synergistic antimicrobial effect of cineole and carvacrol on
Escherichia coli O157:H7 inhibition and its application on fresh-cut cucumbers. Food Control 2023, 144, 109339. [CrossRef]

26. Chong, Y.; Fu, J.; Chai, T.; Huang, Y.; Jin, D.; Mao, J.; Chen, Y. Preservation effects and antimicrobial mechanism of ultrasound
assisted rosmarinic acid treatment on large yellow croaker during cold storage. Food Biosci. 2024, 57, 103455. [CrossRef]

27. Zhang, C.; Liu, X.; Chen, J.; Liu, H.; Liu, Y. Antibacterial mechanism of lactobionic acid against Shewanella baltica and Shewanella
putrefaciens and its application on refrigerated shrimp. Food Biosci. 2023, 51, 102291. [CrossRef]

28. Wang, D.; Zhou, F.; Lai, D.; Zhang, Y.; Hu, J.; Lin, S. Curcumin-mediated sono/photodynamic treatment preserved the quality of
shrimp surimi and influenced its microbial community changes during refrigerated storage. Ultrason. Sonochem. 2021, 78, 105715.
[CrossRef]

29. Chen, Y.-W.; Cai, W.-Q.; Shi, Y.-G.; Dong, X.-P.; Bai, F.; Shen, S.-K.; Jiao, R.; Zhang, X.-Y.; Zhu, X. Effects of different salt
concentrations and vacuum packaging on the shelf-stability of Russian sturgeon (Acipenser gueldenstaedti) stored at 4 ◦C. Food
Control 2020, 109, 106865. [CrossRef]

30. Li, J.; Chen, S.; Liu, Y.; Yu, J.; Li, X.; Huang, Y.; Wang, F. Effect of chitosan coating incorporated with food preservatives on the
muscle quality of grass carp during cold storage. Food Sci. 2021, 42, 220–225.

31. Atale, N.; Gupta, S.; Yadav, U.; Rani, V. Cell-death assessment by fluorescent and nonfluorescent cytosolic and nuclear staining
techniques. J. Microsc. 2014, 255, 7–19. [CrossRef] [PubMed]

32. Liu, J.-N.; Chang, S.-L.; Xu, P.-W.; Tan, M.-H.; Zhao, B.; Wang, X.-D.; Zhao, Q.-S. Structural Changes and Antibacterial Activity of
Epsilon-poly-l-lysine in Response to pH and Phase Transition and Their Mechanisms. J. Agric. Food Chem. 2020, 68, 1101–1109.
[CrossRef] [PubMed]

33. Tuersuntuoheti, T.; Wang, Z.; Wang, Z.; Liang, S.; Li, X.; Zhang, M. Review of the application of ε-poly-L-lysine in improving food
quality and preservation. J. Food Process. Preserv. 2019, 43, e14153. [CrossRef]

34. Zhang, Q.; Ma, R.; Tian, Y.; Su, B.; Wang, K.; Yu, S.; Zhang, J.; Fang, J. Sterilization Efficiency of a Novel Electrochemical
Disinfectant against Staphylococcus aureus. Environ. Sci. Technol. 2016, 50, 3184–3192. [CrossRef]

35. Chaijan, S.; Panpipat, W.; Panya, A.; Cheong, L.-Z.; Chaijan, M. Preservation of chilled Asian sea bass (Lates calcarifer) steak by
whey protein isolate coating containing polyphenol extract from ginger, lemongrass, or green tea. Food Control 2020, 118, 107400.
[CrossRef]

36. Wu, C.; Sun, J.; Lu, Y.; Wu, T.; Pang, J.; Hu, Y. In situ self-assembly chitosan/ε-polylysine bionanocomposite film with enhanced
antimicrobial properties for food packaging. Int. J. Biol. Macromol. 2019, 132, 385–392. [CrossRef]

37. Rezaeifar, M.; Mehdizadeh, T.; Mojaddar Langroodi, A.; Rezaei, F. Effect of chitosan edible coating enriched with lemon verbena
extract and essential oil on the shelf life of vacuum rainbow trout (Oncorhynchus mykiss). J. Food Saf. 2020, 40, e12781. [CrossRef]

38. Yang, X.; Yang, X.; Sun, X.; Zhang, D.; Gao, X.; Wang, Z. Effects of combined chlorogenic acid and cold plasma on the colour and
flavour of roasted mutton patties. Int. J. Food Sci. Technol. 2023, 58, 6563–6575. [CrossRef]

39. Alirezalu, K.; Hesari, J.; Nemati, Z.; Munekata, P.E.S.; Barba, F.J.; Lorenzo, J.M. Combined effect of natural antioxidants and
antimicrobial compounds during refrigerated storage of nitrite-free frankfurter-type sausage. Food Res. Int. 2019, 120, 839–850.
[CrossRef]

40. Liu, X.; Cai, J.; Chen, H.; Zhong, Q.; Hou, Y.; Chen, W.; Chen, W. Antibacterial activity and mechanism of linalool against
Pseudomonas aeruginosa. Microb. Pathog. 2020, 141, 103980. [CrossRef]

41. Zhang, J.; Cui, X.; Zhang, M.; Bai, B.; Yang, Y.; Fan, S. The antibacterial mechanism of perilla rosmarinic acid. Biotechnol. Appl.
Biochem. 2022, 69, 1757–1764. [CrossRef] [PubMed]

42. Liu, X.Y.; Zhang, X.L.; Wang, G.B.; Mo, F.Y.; Zhang, X.R. Application of super-cooled storage of aquatic products: A review. Int. J.
Refrig. 2023, 154, 66–72. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4315/0362-028X.JFP-16-116
https://doi.org/10.1016/j.foodcont.2018.07.026
https://doi.org/10.1016/j.foodcont.2018.07.011
https://doi.org/10.1016/j.lwt.2020.110617
https://doi.org/10.3390/molecules26041012
https://www.ncbi.nlm.nih.gov/pubmed/33672940
https://doi.org/10.1016/j.foodcont.2022.109339
https://doi.org/10.1016/j.fbio.2023.103455
https://doi.org/10.1016/j.fbio.2022.102291
https://doi.org/10.1016/j.ultsonch.2021.105715
https://doi.org/10.1016/j.foodcont.2019.106865
https://doi.org/10.1111/jmi.12133
https://www.ncbi.nlm.nih.gov/pubmed/24831993
https://doi.org/10.1021/acs.jafc.9b07524
https://www.ncbi.nlm.nih.gov/pubmed/31904947
https://doi.org/10.1111/jfpp.14153
https://doi.org/10.1021/acs.est.5b05108
https://doi.org/10.1016/j.foodcont.2020.107400
https://doi.org/10.1016/j.ijbiomac.2019.03.133
https://doi.org/10.1111/jfs.12781
https://doi.org/10.1111/ijfs.16770
https://doi.org/10.1016/j.foodres.2018.11.048
https://doi.org/10.1016/j.micpath.2020.103980
https://doi.org/10.1002/bab.2248
https://www.ncbi.nlm.nih.gov/pubmed/34490944
https://doi.org/10.1016/j.ijrefrig.2023.06.022

	Introduction 
	Materials and Methods 
	Chemicals and Bacterial Strains 
	Antibacterial Test of PL and FA 
	Determination of MIC Values 
	Determination of the FICI Values 
	Time-Killed Curve Plotting 
	Determination of Alkaline Phosphatase (AKP) Activity 
	Determination of Extracellular Membrane Permeability 
	Propidium Iodide (PI) Uptake 
	Leakage of Intracellular K+ 
	Cell Morphology Observation 
	DNA Extraction 

	Application of PL and FA in Crayfish 
	Preparation and Treatment of Crayfish 
	Preparation of Low-Temperature Plasma-Activated Water (PAW) 
	Determination of Color Difference 
	Total Viable Counts (TVCs) 
	Total Volatile Base Nitrogen (TVB-N) Value 
	Determination of pH 
	Determination of Juice Loss of Meat 

	Statistical Analysis 

	Results and Discussion 
	Synergistic Antibacterial Effect of FA and PL 
	Effect of FA and PL on the S. putrefaciens Cell Wall 
	Effect of FA and PL on the Permeability of Cell Membranes of S. putrefaciens 
	Influence of Extracellular Membrane Permeability 
	Propidium Iodide (PI) Uptake 
	K+ Analysis 

	Effect of FA and PL on Cell Morphology 
	Effect of FA and PL on the Genomic DNA of S. putrefaciens 
	Effects of PAW, PL, and FA on Quality of Crayfish 
	Color Difference Analysis 
	Bacteriostatic Analysis 
	S. putrefaciens Bacteriostatic Analysis 
	TVB-N Analysis 
	TBA Analysis 
	pH Analysis 
	Juice Loss Rate of Meat Analysis 


	Conclusions 
	References

