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ABSTRACT

The synergistic antimicrobial and antioxidant effects of glutaric acid (GLA) with sorbic acid (SoA) or sodium bisulphite (SoB)

were evaluated to determine their optimal concentrations and ratios for maximum efficacy. The results revealed that these com-

binations exhibited strong antimicrobial properties, with GLA-SoB also demonstrating significant antioxidant activity. These
findings were consistent across both in vitro and food model (using salmon) evaluations. The combinations effectively extended
shelf life and preserved freshness when applied to sliced and minced salmon. GLA, GLA-SoA (2:1), and GLA-SoB (1:2) were
particularly effective in maintaining color, stabilizing pH and moisture levels, and reducing spoilage markers such as total vola-
tile base nitrogen (TVB-N), peroxide value (POV), thiobarbituric acid (TBA) levels, and microbial counts. This study highlights
the comparable effectiveness of GLA-SoB (1:2) and GLA-SoA (2:1) in inhibiting microbial growth and extending the shelf life
of salmon under refrigerated conditions. Both combinations showed dose-dependent efficacy in preserving quality and safety,

making them promising candidates for enhancing the storage stability of salmon products.

1 | Introduction

Salmon, renowned for their high commercial value, are widely
appreciated for their exceptional quality and nutritional benefits,
making them a popular choice in diverse culinary applications
(Chen et al. 2023). Due to their perishable nature and limited shelf
life, salmon are frequently frozen and maintained in frozen con-
dition during distribution, particularly for long-distance transpor-
tation such as exporting to other countries. To cater to consumers

seeking fresh salmon, retailers typically thaw the frozen fish and
offer it in various forms, such as salmon slices or minced salmon.
Thawed salmon is typically stored at temperatures between 0°C
and 4°C to preserve its quality and ensure its safety for consump-
tion until it reaches consumers. However, spoilage can occur
during refrigerated storage due to enzymatic activity, microbial
growth, and autolytic degradation (Yan et al. 2022). Consequently,
chemical preservation techniques are essential for extending shelf
life and maintaining the quality of refrigerated salmon. These
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methods assist in retaining essential attributes, such as texture,
color, flavor, nutritional value, and microbiological safety (Yan
et al. 2022). While widely employed, chemical preservatives must
adhere to local regulatory standards to safeguard consumers from
potential adverse effects (Nagasinduja and Shahitha 2019).

In Malaysia, the Food Regulations (1985) authorize the utilization
of certain permitted preservatives, including sulfur dioxide (or sul-
fites) and sorbic acid (or its sodium, calcium, or potassium salts),
in uncooked processed meat products, excluding meat burgers
(Mavani et al. 2024). These conventional preservatives have been
extensively utilized by food industries for an extended period and
remain prevalent in contemporary practices under close surveil-
lance of the local authorities. Despite their efficacy, these additives
may pose health risks, especially to susceptible individuals, such
as asthmatics, even within permissible limits (Lamas et al. 2016).

Organic acids (OAs) are gaining prominence as cost-effective
alternatives for meat preservation, either as standalone agents
or in combination with other additives. Their application gen-
erally does not necessitate additional processing steps, making
them a practical choice for the food industry (Ben Braiek and
Smaoui 2021). OAs are widely utilized as natural antimicrobi-
als to inhibit the growth of harmful pathogenic microorganisms
such as Escherichia coli O157: H7 and Listeria monocytogenes.
Their salts are also incorporated into ready-to-eat products to
control pathogens and are applied through washing, spraying, or
dipping to sanitize the surfaces of fresh foods (Irkin et al. 2015).
While OAs have historically been employed for these purposes,
their efficacy and long-term sustainability necessitate further
evaluation and optimization. Notably, combining two or more
antimicrobial substances can enhance preservation through
additive or synergistic effects, thereby improving the safety and
quality of meat products (Ben Braiek and Smaoui 2021). Among
the diverse OAs, glutaric acid (GLA) has emerged as a promising
compound due to its flavor-enhancing and stabilizing properties
(Hartwig et al. 2020). However, the efficacy of GLA in combina-
tion with sorbic acid (SoA) or sodium bisulphite (SoB) in mitigat-
ing spoilage and oxidative damage in meat remains uncertain.

The present study investigated the synergistic effects of GLA, SoA,
SoB, and combinations of GLA with SoA or SoB on their antimi-
crobial and antioxidant properties. Through an in vitro approach,
the most effective combinations were identified. Subsequently,
their efficacy on microbial stability and preservation quality
was evaluated using two model systems: refrigerated sliced and
minced salmon. In contrast to the sole utilization of conventional
preservatives (SoA and SoB) in meat preservation, incorporating
GLA can diminish the reliance on these conventional preserva-
tives, enhance food safety, and establish a scientific foundation for
further exploration in a broader spectrum of meat products.

2 | Materials and Methods

2.1 | Materials

The six microbial strains used to evaluate antimicrobial activ-
ity were Bacillus cereus (EMCC 1006), Staphylococcus aureus

(ATCC 25923), Streptoccus pyogenes (EMCC 1772), Candida
albicans (EMCC 105), Salmonella enterica (ATCC 43972), and

Escherichia coli (ATCC 25922). All chemical reagents (including
GLA, SoA, and SoB) and solvents used in the study were of ana-
lytical grade sourced from Sigma Aldrich (USA).

2.2 | Determination of Minimal Inhibitory
Concentration (MIC)

The MIC was determined following the protocol described by
Ben Akacha et al. (2022). The microdilution broth method em-
ployed 96-well microplates to assess the MIC values for each
tested substance (GLA, SoA, and SoB). For each well, a 100 L
cell suspension was mixed with a test solution containing the
tested substances. The MIC was defined as the lowest concen-
tration of the substance that inhibited visible microbial growth.
To confirm the results, 25uL of thiazolyl blue tetrazolium bro-
mide (MTT) (0.5mg/mL) was added after 30 min of incubation.
Wells with inhibited growth remained clear, indicating no met-
abolic activity of the tested microbes.

2.3 | Antimicrobial Efficacy by
Checkerboard Assay

The synergistic effects of the tested combinations (GLA combined
with either SoA or SoB) were evaluated using the standard checker-
board microdilution method, as described by Xin et al. (2021). Test
strains were cultured in Mueller-Hinton (MH) broth at 37°C until
reaching the exponential growth phase. Subsequently, they were
diluted to a final concentration of 2x10°CFU/mL in fresh MH
broth. An 11 X7 matrix was prepared in a 96-well microtitre plate
by serially diluting one component of the combination (component
A) along the rows (50uL in MH broth) and the other component
(component B) along the columns (50uL in MH broth). A 50uL
microbial inoculum was added to each well, and the plate was
incubated at 37°C for 18 h. Following incubation, 50 uL of freshly
prepared iodonitrotetrazolium chloride (INT) solution was added
to each well, and the plate was further incubated for 2h at 37°C.
MIC values for each combination were determined. The fractional
inhibitory concentration (FIC) was calculated as follows:

FIC, = MIC of combination A/MIC of A alone.
FIC,, = MIC of combination B/MIC of B alone.

The combined FIC index (} FIC) was computed as follows:

Y FIC = FIC, + FICy,

Interpretation of ) FIC values was as follows:

Y FIC <0.5: Synergy, with stronger synergy as values ap-
proach zero.

0.5 < Y FIC <1: Additivity.
1 < Y FIC <2: Indifference.

This method enabled the quantitative evaluation of the interac-
tions between the tested combinations.
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2.4 | Antioxidant Activity

2.41 | DPPH (2,2-Diphenyl-1-Picrylhydrazyl)
Radical-Scavenging Assay

The DPPH radical-scavenging activity was determined ac-
cording to the method described by Hlima et al. (2021). As per
Section 3.2, the potency of synergistic interactions between GLA
with SoA or SoB is quantified using the Y FIC index, with values
closer to 0 indicating stronger synergy. Consequently, for each
strain, the most effective combinations were selected based on
a Y FIC value less than 0.5, demonstrating a robust synergistic
effect.

Various ratios of GLA-SoB (1:1, 1:2, 2:1, 4:1) and GLA-SoA (2:1, 1:2,
1:4, 1:16) combinations were prepared based on the weight propor-
tions of components A and B. Each tested combination, totalling
4000ug, was dissolved in 1 mL of 99.5% ethanol, with ascorbic acid
(AsA) serving as the positive control. For testing, 500uL of the
combination solution (or 500uL of distilled water as the negative
control) was added to each well of a microplate and mixed with
125uL of 0.02% DPPH in 99.5% ethanol. AsA was tested in the
same manner. An additional 375uL of 99.5% ethanol was added to
reach a final volume of 1 mL, resulting in a solution concentration
of 2000pug/mL. Similarly, solutions at 500 ug/mL and 16,000 g/
mL were prepared for further analysis. The reaction mixture was
incubated in the dark for 60min at room temperature. Following
incubation, absorbance was measured at 517nm with ethanol as
the blank using a UV-visible spectrophotometer (PG Instruments,
T70, Shanghai, China). A control sample was prepared by mixing
the DPPH solution with ethanol. The DPPH radical-scavenging ac-
tivity was calculated using the following formula:

DPPH radical — scavenging activity (%) = [1 — (Ag/A¢)| X 100%

Where, A represents the absorbance of the negative control
(distilled water), and Ay is the absorbance of the sample.

2.4.2 | Nitrite Scavenging Activity In Vitro

The nitrite-scavenging activity assay was conducted according to
the protocol outlined by Choi et al. (2019). A total of 1mL of each
sample solution (containing 9mg of studied substances in 1mL
99.5% ethanol) or 1 mL of 99.5% ethanol (serving as a blank) was
mixed with 1mL of citric acid buffer (pH3) and 1mL of a 5mg/L
nitrate solution. The resulting mixture was incubated at 37°C for
30min. Subsequently, 1mL of a 4g/L sodium amino benzene sul-
fonic acid solution (in 20% hydrochloric acid) and 0.5mL ofa 2g/L
naphthalene ethylenediamine hydrochloride solution (in water)
were added to reach a final concentration of 2000 ug/mL. Solutions
with concentrations of 500 and 16,000 ug/mL were prepared simi-
larly. The reaction was rested for 15min before measuring the ab-
sorbance at 538 nm. AsA was utilized as the positive control, and
the experiment was performed in triplicate. The nitrite-scavenging
capacity was calculated using the following equation:

Nitrite — scavenging capacity (%) = (1 — Ag /Ag) x 100%

Where, Ag is the absorbance of the sample and Ay is the absor-
bance of the blank.

2.5 | Tested Combination Treatments Using
Salmon as Model Systems

2.5.1 | Sliced Salmon Model System

The preparation of sliced salmon samples followed the method
outlined by Yan et al. (2022). Fresh salmon (Salmo salar), sourced
from a Norwegian fish farm (Bremnes Seashore AS, Bamlo), was
purchased from a local market (Lotus's, Pulau Pinang, Malaysia).
The salmon were subsequently sliced to uniform dimensions of
approximately 41.0+4.3mm in length, 19.0£2.9mm in width,
and 6.0+0.3mm in thickness. The samples were divided into 17
groups for treatment: Groups 1-3 (treated with SoB), Groups 4-6
(treated with SoA), Groups 7-9 (treated with GLA), Groups 10-12
(treated with GLA-SoB 1:2), and Groups 13-15 (treated with GLA-
SoA 2:1), with each group receiving treatments at concentrations
of 500, 1000, and 2000 ug/mL, respectively. Group 16 was treated
with 40% ethanol as a blank control, while Group 17 was left
untreated as a negative control. Each slice was subsequently im-
mersed in the respective treatment solution (dissolved in 40% eth-
anol) for 1 min, followed by air drying at 35°C for 15min using a
drying oven (Thermo Scientific, Heratherm, Waltham, USA). The
treated and control samples were subsequently stored at 4°C in a
refrigerated incubator (Thermo Scientific, FYCD-290, Waltham,
USA), and quality and safety analyses were performed on days 1,
3,6,9,and 12.

2.5.2 | Minced Salmon Model Study

The average weight of each sliced salmon sample was deter-
mined to be approximately 3g, as per the procedures outlined
in Section 2.5.1. The weight (M) of each tested combination (in
ug) applied per 30g of minced salmon was calculated using the
following equations:

AW =W, - W,
V=AW /p
m=Vxc
M=10xXm

where, W, and W, represent the weight (in g) of the treated and
untreated slices, respectively, AW represents the weight of the
solution adhering to the sliced salmon surface (in g), p represents
the relative density of 40% ethanol (0.92g/mL), V represents the
solution volume (in mL), ¢ represents the solution concentration
(in pg/mL), and m represents the weight of the tested combina-
tion adhering to a single slice (in pg).

Minced salmon samples were prepared according to the method
outlined by Pakawatchai et al. (2009). Fresh minced salmon was
obtained from a Lotus's market and divided into 22 test groups:
Groups 1-4 (SoB), Groups 5-8 (SoA), Groups 9-12 (GLA),
Groups 13-16 (GLA-SoB 1:2), and Groups 17-20 (GLA-SoA 2:1),
with each group treated at concentrations of 182, 364, 728, and
1456 ug/g. Group 21 served as a blank control with 40% ethanol,
and Group 22 was an untreated negative control. Each test group
was treated with 5mL of the corresponding solution with 40%
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ethanol as the solvent. Samples were stored at 4°C in the FYCD-
290 refrigerated incubator, and quality and safety evaluations of
the samples were conducted on days 1, 3, 6, 9, and 12.

2.6 | Quality and Safety Assessments of Salmon
Samples

2.6.1 | Microbial Analysis

Microbial analysis was conducted following Abdel-Wahab
et al. (2020). A 25g salmon sample was homogenized at room tem-
perature for 90s using a stomacher (Autoscience, ATBM-400B,
Tianjin, China). A 10g portion of the homogenate was mixed with
90mL of sterile peptone solution (25.5g/L), and 100uL of this
mixture was plated on various media for microbial enumeration
using serial dilutions from 10! to 10~7. Total viable counts (TVC)
were determined on Plate Count Agar incubated at 37°C for 48h.
Psychrotrophic bacterial counts (PTC) were determined on Plate
Count Agar incubated at 7°C for 10days. Yeast and mold counts
were determined on Potato Dextrose Agar incubated at 25°C for
96h. Enterobacteriaceae counts were determined on Violet Red
Bile Glucose Agar incubated at 37°C for 48h.

2.6.2 | Colourimetric Properties

The color characteristics of the salmon samples, including light-
ness (L¥), redness (a*), and yellowness (b*), were evaluated using
a colorimeter (Konica Minolta, CR-200, Tokyo, Japan).

2.6.3 | pH Measurement

The pH levels of the salmon samples were determined using a
calibrated pH meter (Lutron, YK-21PH, Taiwan, China). For
sample preparation, 3g of homogenized salmon was blended
with 30mL of distilled water. The pH of the resulting filtrate
was measured according to the procedure outlined by Hsouna
et al. (2022).

2.6.4 | Determination of Weight Loss

The initial (W,) and final weights (W;) of the salmon samples
were recorded before and after the storage period. The weight
loss percentage was calculated using the following equation:

Weight loss (%) = [(W; — W}) / W;]| X 100%.

2.6.5 | Total Volatile Base Nitrogen (TVB-N)
Determination

TVB-N levels in the salmon samples were analyzed following
the procedure described by Jia et al. (2021). The samples were
homogenized in a stomacher (Seward, 400 sq., West Sussex,
British) with distilled water at a 1:10 (w/v) ratio. A 5mL al-
iquot of the supernatant was mixed with 5mL of 10g/L MgO
solution and distilled using a Kjeldahl nitrogen analyzer (Alva
Instrument, KN-520, Jinan, China). The distillate was collected

in a boric acid solution (20mL, 0.02g/L) containing a mixed in-
dicator (methyl red and methylene blue, 1g/L each in ethanol).
The solution was then titrated with 0.01 M HCI. A blank sample
using 5mL of distilled water in place of the salmon sample was
also tested. The TVB-N content was calculated using the follow-
ing equation:

TVB — N (mg/100 g) = [(V; — V,) X 0.01 X 14/ (m X 5 /50)] x 100

Where, m represents the sample weight (in g), V, and V, repre-
sent the volumes (in mL) of HCI used for the sample and blank,
respectively, 0.01 represents the concentration of the HCI solu-
tion (in mol/L), and 50 represents the total sample volume (in
mL) in the mixture.

2.6.6 | Determination of Thiobarbituric Acid
(TBA) Value

The TBA value of the salmon samples was determined accord-
ing to the method outlined by Dirpan and Hidayat (2023). A 3g
salmon sample was blended with 50mL of distilled water and
homogenized in the 400 sq. stomacher for 2min. The homoge-
nate was transferred into a 1000 mL distillation flask and rinsed
with an additional 48.5mL of distilled water. HCI (1.5mL) was
added, and the mixture was heated for 10 min, resultingin 50 mL
of distillate. The distillate was filtered and mixed with 5mL of
TBA reagent (0.02M thiobarbituric acid in 90% glacial acetic
acid). This solution was heated in a boiling water bath (PWB-4,
Boeco, Stuttgart, Germany) for 35min to enhance the reaction,
followed by cooling in cold water. The absorbance of the solution
was measured at 528 nm using the T70 spectrophotometer, with
a blank sample serving as the baseline.

2.6.7 | Determination of Primary Oxidation Products
Using Peroxide Value (POV)

Salmon samples were extracted to obtain a supernatant prior
to the determination of POV based on the procedure performed
previously by Manihuruk et al. (2017). Initially, salmon samples
(50g) were homogenized in the 400 sq. stomacher with absolute
methanol at a 1:5 ratio (w/v) for 20s at room temperature. The
homogenate was filtered using filter paper to obtain the super-
natant, which was then stored in sealed bottles at-20°C until
further analysis.

For lipid separation, a biphasic solvent system comprising water,
methanol, and chloroform in a 25:100:100 ratio was used, fol-
lowing the Wu et al. (2016) lipid extraction method. The stored
supernatant was mixed with this solvent system and vigorously
shaken to promote phase separation. After standing, two dis-
tinct layers formed: the upper aqueous phase containing water-
soluble compounds and the lower organic phase rich in lipids
dissolved in chloroform. The lipid-containing organic phase was
carefully collected and transferred to a separate container for
concentration.

The extracted lipids were concentrated using a rotary evaporator
(Yarong Biochemical Analysis Instrument, RE-5220, Shanghali,
China) to remove solvents under reduced pressure. A 1g portion
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of the concentrated lipids was then dissolved in 6 mL of an acetic
acid/chloroform solution (3:2). To initiate the reaction, 0.1 mL
of saturated potassium iodide was added, and the mixture was
left to react in the dark for 10min. Subsequently, 10mL of dis-
tilled water and 0.1 mL of a 1% starch solution were introduced.
The mixture was then titrated with 0.01M sodium thiosulfate
(Na,S,0,) until it became colorless. The POV was calculated and
expressed in milliequivalents (meq) per kilogram of lipid, as per
the following equation:

POV = (N X V /W) X 100

Where, N represents the normality of Na,S,0,, V represents the
volume of Na,S,0,, and W represents the weight of the lipid
extract.

2.7 | Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (ver-
sion 6.01). A one-way analysis of variance (ANOVA) followed by
Tukey's post hoc test was employed for multiple comparisons.
All experiments were performed in triplicate (n = 3), and results
are presented as mean +standard deviation (SD). Statistical sig-
nificance was deemed at p <0.05.

3 | Results and Discussion

3.1 | Antimicrobial Activities of Different Tested
Combinations

Table 1 presents the MIC values of the tested substances against
specific microorganisms. Among them, SoA exhibited the
highest MIC (2000pg/mL) for most microorganisms, except
Streptococcus pyogenes. This was followed by GLA, which ex-
hibited an MIC of 1000 ug/mL against Candida albicans. Lastly,
SoB demonstrated an MIC of 500 ug/mL against Escherichia coli,
Bacillus cereus, and Candida albicans. These findings highlight
the significance of choosing suitable antimicrobial substances
tailored to the target microorganisms, as resistance levels can
differ significantly. This underscores the need for precise treat-
ments, optimal concentrations, or strategic combinations to
achieve effective inhibition.

Previously, Seo et al. (2023) identified Escherichia coli,
Salmonella enterica, and Staphylococcus aureus as the most re-
sistant bacteria to SoA, with an MIC of 2000 ug/mL. In contrast,

earlier research indicates that the MIC values of these micro-
organisms for SoB range from 300 to 50,000 ug/mL (Brennan
et al. 1999; Lamas et al. 2016; Pardeshi et al. 2015; Quoc 2018;
Rojo-Bezares et al. 2007). This potential difference in results
may be attributed to resistance mechanisms associated with
prior exposure to preservatives or antibiotics (Krishnamoorthy
et al. 2021), leading to notable variations compared to the find-
ings in this study. Moreover, to the best of our knowledge, no
studies have reported the MIC values of the tested microorgan-
isms against GLA (Table 1), underscoring the need for further
research into its inhibitory properties.

The antimicrobial activity of dual combinations (GLA with SoA
or SoB) was assessed against various microbial strains (Table 2).
In instances where the Y} FIC was less than 0.5, the MIC of
each substance was reduced to as low as 1/4 of its single-agent
MIC, or even lower. A Y FIC index closer to 0 indicates a more
substantial synergistic effect. Promising combinations include
GLA-SoB at ratios of 1:1, 1:2, 2:1, and 4:1, as well as GLA-SoA at
ratios of 1:2, 1:4, 1:16, and 2:1.

All tested combinations exhibited nearly synergistic or additive
effects against the selected microbes. These findings align with
those of Kim and Rhee (2013), who reported that four distinct
short-chain fatty acids and three medium-chain fatty acids, in-
cluding caprylic acid, exhibited synergistic effects against patho-
genic bacteria such as Escherichia coli. This was evident from the
more significant reduction in microbial populations compared
to individual treatments. Currently, no studies have explored
the mechanisms underlying the synergism between GLA and
SoA or SoB. However, several mechanisms have been proposed,
such as (a) sequential inhibition of multiple steps within a bio-
chemical pathway, (b) suppression of protective enzymes, and
(c) interactions with the cell wall or membrane that increase the
uptake of other antimicrobial agents (Chaichi et al. 2021). The
synergistic effects observed in the present study may result from
the diverse substances within the applied combinations, each
acting on different critical targets in or on the cell wall, thereby
enhancing microbial control. The interaction between GLA and
SoA may specifically be attributed to an increase in the undis-
sociated form of the acid, which amplifies proton release. This
cumulative effect overwhelms microbial buffering and trans-
port systems, leading to more excellent inhibitory action than a
single acid (Ben Braiek and Smaoui 2021). Similarly, the various
GLA-SoB combinations may target multiple mechanisms, such
as disrupting intracellular pH, impairing protein functions, de-
stabilizing cell membranes, and ultimately inhibiting microbial
growth synergistically (Dhakal et al. 2019). GLA combinations

TABLE1 | Minimum inhibitory concentrations (MIC, ug/mL) of the tested substances, sodium bisulphite (SoB), glutaric acid (GLA), sorbic acid

(SoA) against specific microorganisms.

Salmonella Escherichia Streptococcus Bacillus Staphylococcus Candida
Studied enterica coli ATCC pyogenes cereus aureus ATCC albicans
substances ATCC 43972 25922 EMCC 1772 EMCC 1006 25923 EMCC 105
SoB 250 500 250 500 125 500
GLA 500 250 500 250 250 1000
SoA 2000 2000 1000 2000 2000 2000

Note: The test was carried out in triplicate (n=3).
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TABLE2 | The antimicrobial effects of glutaric acid (GLA) combined with sodium bisulphite (SoB) or sorbic acid (SoA) against different microbial
strains.

Combination
substances Parameters
MIC, (ng/ MIC;, (pg/
mL) in mL) in
Strains A B A:B*  combination combination FIC, FIC, Y FIC Interaction
Bacteria Gram—
Salmonella GLA  SoB 1:2 7.8125 15.625 0.016  0.063 0.079 Synergism
Z’;;e;zica ATCC 1:2 15.625 31.25 0031 0125 0156  Synergism
GLA  SoA 8:1 125 15.625 0.25 0.008 0.258 Synergism
2:1 62.5 31.25 0.125 0.016 0.141 Synergism
Escherichia coli GLA  SoB 4:1 62.5 15.625 0.25 0.031 0.281 Synergism
ATCC 25922 1:2 31.25 62.5 0.125 0.125 0.25 Synergism
GLA SoA 8:1 125 15.625 0.5 0.008 0.508 Additivity
1:2 62.5 125 0.25 0.063 0.313 Synergism
Bacteria Gram+
Streptococcus GLA SoB 1:2 7.8125 15.625 0.016 0.063 0.079 Synergism
’1’;’ ;genes EMCC ™ Gra  soa 41 62.5 15.625 0125 0.008 0133  Synergism
1:4 31.25 125 0.063 0.063 0.126 Synergism
Staphylococcus GLA  SoB 1:1 31.25 31.25 0.125 0.25 0.375 Synergism
‘2’;‘; ‘;Lg‘s ATCC 11 15.625 15.625 0.063 0125  0.188  Synergism
GLA SoA 8:1 125 15.625 0.5 0.016 0.516 Additivity
1:2 62.5 125 0.25 0.125 0.375 Synergism
1:16 31.25 500 0.125 0.5 0.625 Additivity
Bacillus cereus GLA  SoB 8:1 125 15.625 0.5 0.031 0.531 Additivity
EMCC 1006 2:1 62.5 31.25 0.25 0.063 0.313 Synergism
1:4 31.25 125 0.125 0.25 0.375 Synergism
1:16 15.625 250 0.063 0.5 0.563 Additivity
GLA SoA 8:1 125 15.625 0.5 0.008 0.508 Additivity
2:1 62.5 31.25 0.25 0.016 0.266 Synergism
1:2 31.25 62.5 0.125 0.031 0.156 Synergism
1:16 7.8125 125 0.031 0.063 0.094 Synergism
Yeast
Candida GLA SoB 4:1 62.5 15.625 0.063 0.031 0.094 Synergism
‘1’(1)1; icans EMCC 5 0 gon 21 62.5 31.25 0.063 0.063 0126  Synergism
1:2 31.25 62.5 0.031 0.125 0.156 Synergism
1:8 15.625 125 0.016 0.25 0.266 Synergism
Note: The test was carried out in triplicate (n=3).
*Weight ratio.
can achieve an Y FIC of less than 0.1 against Salmonella enter- microbes listed in Table 2 appear more tolerant, possibly due to

ica, Streptococcus pyogenes, and Candida albicans, suggesting their ability to incorporate exogenous GLA into metabolic pro-
heightened sensitivity to their accumulation. In contrast, other  cesses, which may reduce its efficacy (Chaichi et al. 2021).
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Moreover, combining the tested substances offers the advan-
tage of reducing the required concentrations of each compo-
nent to achieve effective antimicrobial activity. This approach
could provide significant benefits, enhancing efficacy while
potentially reducing costs and minimizing the adverse effects
of higher doses of SoB and SoA.

3.2 | Evaluation of Antioxidant Activities of Tested
Combinations

The nitrite-scavenging capacity and DPPH assays were em-
ployed to evaluate the total antioxidant activity of the tested
combinations (Table 3). Both antioxidant assays produced
comparable results. The assays indicated that the GLA-SoA
combination exhibited the most substantial synergistic anti-
oxidant effect at a 2:1 ratio. In contrast, the GLA-SoB combi-
nation exhibited its highest synergistic antioxidant activity at
a 1:2 ratio.

Both SoB and GLA, when present at a concentration of 500 pug/
mL, effectively inhibited most of the tested microorganisms
(Table 1). Notably, all three tested substances exhibited inhib-
itory effects at a concentration of 2000pug/mL in vitro. SoA
and its salts are classified as GRAS (Generally Recognized as
Safe) additives. While these preservatives represent a safe op-
tion, there are potential safety concerns for specific vulnera-
ble populations (Stopforth and Kudron 2020). As per National
Health Commission of the People's Republic of China and State
Administration for Market Regulation (2024), the permissible
maximum concentration of SoA in meat products is 1500 ug/g.
Testing concentrations of 500, 2000, and 16,000 ug/mL (equiv-
alent to 1456 ug/g, which falls within the legal limit) were cal-
culated in Section 2.5.2 and provided valuable insights into the
feasible application ranges of these substances in the subsequent
salmon meat storage models.

Although SoA is widely utilized for its antimicrobial prop-
erties, it lacks the antioxidant capabilities of ascorbic acid
(vitamin C) or tocopherols (vitamin E) (Meyer et al. 2002).
Antioxidants typically possess functional groups, such as hy-
droxyl (-OH) groups, which facilitate electron donation or hy-
drogen atom transfer to neutralize free radicals and disrupt
oxidative chain reactions. In contrast, SoA lacks these reactive
groups and is incapable of readily engaging in redox reactions
to stabilize free radicals (Meyer et al. 2002). Consequently, SOA
is frequently combined with antioxidants in food and beverage
preservation when oxidative stability is paramount (Stopforth
and Kudron 2020). GLA shares similar limitations. Its struc-
ture, characterized by the presence of only two carboxyl (-
COOH) groups, lacks substituents capable of participating
in redox reactions with free radicals, rendering it ineffective
at preventing oxidative chain reactions (Liao et al. 2024).
Therefore, the combination of GLA with SoA does not signifi-
cantly augment antioxidant capacity. In contrast, SoB exhibits
distinct behavior. As a reducing agent, SoB can donate elec-
trons to neutralize oxidizing compounds, effectively halting
oxidative chain reactions. When SoB is combined with GLA,
the resulting mixture exhibits enhanced antioxidant capacity,
with the effect becoming more pronounced as the SoB concen-
tration increases (Vellanki et al. 2013).

3.3 | Salmon Product Preservation

3.3.1 | Evaluation of Quality Parameters in Sliced
Salmon Treated With Tested Combinations

Figures 1-3 illustrate the changes in TVC, PTC,
Enterobacteriaceae count, and yeast and mold count during
refrigerated storage of sliced salmon. The initial TVC of the
sliced salmon ranged from 3.52 to 3.60 log,, CFU/g, indica-
tive of the high quality of the salmon used in the present
study. Throughout storage, TVCs, PTCs, Enterobacteriaceae
counts, and yeast and mold counts exhibited variations
across all experimental groups. Notably, microbial counts in
the negative and blank control groups exhibited significant
increases (p<0.05) compared to those in the experimental
groups after day 9. Notably, the TVCs in the negative and
blank control groups surpassed the acceptable limit of 7.0
log,, CFU/g (Wu et al. 2016) by approximately days 9 and 12,
respectively. In contrast, the GLA-SoB (1:2) and GLA-SoA
(2:1) treatments demonstrated microbial inhibition compara-
ble (p>0.05) to SoB, GLA, and SoA at the end of the storage
period. Furthermore, the TVCs in these experimental groups
remained below the acceptable limit of 7.0 log,, CFU/g for
12 days after storage commenced. These findings suggest that
the tested substances, particularly the GLA-SoB (1:2) and
GLA-SoA (2:1) combinations, extended the microbiological
shelf life of sliced salmon by at least 3days compared to the
negative control.

These findings align with previous reports. Karami
et al. (2020) observed that minced trout samples coated with
chitosan-flaxseed mucilage films exhibited a microbial pop-
ulation reduction of 0.35-4.91 log,, CFU/g compared to con-
trol samples after 16 days of refrigeration, consistent with the
findings of this research. Similarly, Olivas et al. (2003) demon-
strated that immersion in an aqueous solution containing 1%
ascorbic acid, 0.25% calcium chloride, and 0.1% potassium
sorbate provided bacteriostatic effects and extended the shelf
life of treated samples. Furthermore, a treatment involving a
3% SoB solution, either alone or combined with 200 ug/mL of
peracetic acid, applied via a 15-s dip to chicken drumsticks
effectively reduced Salmonella presence. This reduction was
evident after 3days of refrigeration, suggesting that the com-
bined action of SoB and peracetic acid effectively controlled
Salmonella growth during storage (Dittoe et al. 2019). These
findings support the antimicrobial efficacy of SoB when used
alone, indicating that combining SoB with OAs can enhance
its impact. The antimicrobial properties of OAs are influenced
by chain length, branching degree, and the proportion of un-
dissociated forms. Acidification, partly due to the bisulphite
ions (HSO3") released by SoB, contributes to its enhanced
antimicrobial activity. This mechanism has been extensively
documented in the literature (Irkin et al. 2015). OA combina-
tions play a critical role in preservation by lowering pH, which
amplifies antimicrobial effectiveness. A reduction in the num-
ber of microorganisms is directly correlated with a decrease
in food spoilage, as microbial activity is a primary driver of
deterioration (Dittoe et al. 2019). Notably, when SoA and SoB
were combined with GLA, the concentrations required for
preserving sliced salmon and extending their shelf life were
significantly reduced compared to using SoA or SoB alone.
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| Assessment of total viable count (A), psychrophilic bacteria count (B), yeasts and molds count (C), and Enterobacteriaceae count (D)
in sliced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA) and their combinations at 2000 ug/mL during storage at
4°C. The blank control group represents sliced salmon treated solely with 40% ethanol. Values represent the mean = SD of three replicates.
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FIGURE2 | Assessment of total viable count (A), psychrophilic bacteria count (B), yeasts and molds count (C), and Enterobacteriaceae count (D)
in sliced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA) and their combinations at 1000 ug/mL during storage at
4°C. The blank control group represents sliced salmon treated solely with 40% ethanol. Values represent the mean = SD of three replicates.

The pH of sliced salmon exhibited a gradual increase across all
treatments during refrigerated storage, with the magnitude of
this rise being more pronounced in the negative and blank con-
trol groups (Figures 4A, 5A, and 6A). This pH elevation can be

attributed to the accumulation of alkaline compounds gener-
ated by microbial activity during the post-rigor phase. Notably,
the tested combinations demonstrated the capacity to miti-
gate post-mortem deterioration through their antimicrobial
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FIGURE3 | Assessment of total viable count (A), psychrophilic bacteria count (B), yeasts and molds count (C), and Enterobacteriaceae count (D)
in sliced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA) and their combinations at 500 pg/mL during storage at
4°C. The blank control group represents sliced salmon treated solely with 40% ethanol. Values represent the mean +SD of three replicates.

effects (Section 3.1). Following previous research conducted
by Alves et al. (2018), salmon samples generally tended to rise
in pH during refrigerated storage. However, samples treated
with GLA combinations exhibited consistently low pH values
throughout the storage period, likely due to the release of H*
ions from GLA and SoA. A dose-dependent relationship was
observed, with lower concentrations, particularly 500 ug/mL,
exhibiting reduced stability in maintaining pH levels. This
suggests that the GLA-SoB (1:2) and GLA-SoA (2:1) combina-
tions effectively minimized pH increases. A decrease in pH
plays a crucial role in preserving the food matrix by establish-
ing a more acidic environment that inhibits microbial growth
and enzymatic activity. Lower pH levels effectively retard the
proliferation of spoilage organisms and pathogenic bacteria,
thereby safeguarding the texture, flavor, and overall quality of
the food (Alves et al. 2018). Furthermore, a stable acidic envi-
ronment can augment the efficacy of certain preservatives and
antioxidants, thereby extending shelf life and ensuring food
safety during storage (Dittoe et al. 2019).

In all treatments, weight loss decreased progressively through-
out the refrigerated storage period (Figures 4B, 5B and 6B).
This reduction in weight loss is associated with protein dena-
turation and the subsequent exposure of hydrophobic groups.
Similar trends have been observed by Molina et al. (2014) in cul-
tured sea bass fillets (Dicentrarchus labrax) and by Christensen
et al. (2017) in mackerel loins. Samples treated with SoB, GLA,
SoA, GLA-SoB (1:2), and GLA-SoA (2:1) exhibited significantly
(p<0.05) lower weight loss compared to the negative control
group throughout the storage period. No significant differences
(p>0.05) in weight loss were detected among samples treated

with these five treatments, indicating comparable efficacy in
minimizing weight loss during refrigerated storage.

Protein denaturation in refrigerated meat is indirectly linked to
microbial spoilage. Microbial activity produces metabolic by-
products, such as proteolytic enzymes, which degrade proteins
(Anas et al. 2019). Additionally, protein denaturation during re-
frigeration can reduce water-holding capacity, resulting in drip
loss. This creates a moist surface that fosters microbial growth
and accelerates spoilage (Ismail and Huda 2024). The reduc-
tion in weight loss supports the structural integrity of the food
matrix, indicating that moisture retention is preserved, which
is essential for maintaining texture and quality (Ismail and
Huda 2024). This stability also suggests that microbial activity is
effectively suppressed, as many spoilage microorganisms break
down key nutrients such as proteins and fats, leading to degra-
dation, water loss, and textural changes. By inhibiting microbial
growth, the food retains its original composition for a longer
period, preventing excessive moisture evaporation and nutrient
breakdown, ultimately enhancing its shelf life and freshness
(Lerfall et al. 2016).

Proteins in meat are also susceptible to oxidative damage caused
by reactive oxygen species (ROS) (Dominguez et al. 2021). SoB,
when combined with GLA, neutralizes ROS, mitigating ox-
idative modification of proteins that could otherwise lead to
denaturation. Antioxidants counteract oxidative damage and
often exhibit antimicrobial properties, further reducing micro-
bial activity and the associated proteolytic enzyme production
(Dominguez et al. 2021). In addition to its antimicrobial effects,
SoB may also assist in stabilizing the color of sliced salmon when
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FIGURE4 | Assessmentof pH (A), weight loss (B), lightness (C), redness (D), yellowness (E), peroxide value (POV) (F), thiobarbituric acid (TBA)
value (G), and total volatile basic-nitrogen (TVB-N) (H) of sliced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA)
and their combinations at 2000ug/mL during storage at 4°C. The blank control group represents sliced salmon treated solely with 40% ethanol.

Values represent the mean +SD of three replicates.

used in conjunction with GLA, contributing to overall quality
preservation during storage.

Color measurements of all samples were conducted on days 1,
3, 6,9, and 12 (Figures 4C—E, 5C—E, and 6C—E). Lightness (L¥)
values exhibited a progressive decline during storage, with a
more rapid reduction observed in the negative and blank control
groups. In contrast, treated samples demonstrated better con-
trol of L* reduction after day 1. Redness (a*) values decreased

gradually throughout storage, with the rate of decline being
most pronounced in the negative control group, followed by
the blank control and experimental groups. Significant differ-
ences (p <0.05) were detected among all treated samples before
and after storage. On day 12, GLA-SoB (1:2) at 2000 ug/mL re-
tained the highest redness levels, followed by GLA-SoA (2:1) at
2000 pug/mL, and subsequently by individual treatments of GLA,
SoB, and SoA at 2000ug/mL. Yellowness (b*) values also de-
creased significantly (p <0.05) during storage. However, treated
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and their combinations at 1000pug/mL during storage at 4°C. The blank control group represents sliced salmon treated solely with 40% ethanol.

Values represent the mean +SD of three replicates.

samples maintained superior retention of b* values compared
to untreated controls, corroborating with previous findings in
salmon meat (Christensen et al. 2017). These results underscore
the efficacy of the tested combinations in preserving the color
quality of salmon during refrigerated storage.

Both antioxidant action and microbial inhibition play vital roles
in improving and maintaining the color of fish meat during re-
frigeration. Oxidative degradation of lipids generates byproducts

that interact with proteins and pigments, adversely affecting color
(Comi 2017). By reducing lipid oxidation, SoB, in combination
with GLA, effectively preserves the natural appearance of sliced
salmon. Spoilage bacteria contribute to discoloration by pro-
ducing metabolites, such as hydrogen sulfide, and enzymes that
degrade proteins and pigments. Controlling microbial growth
prevents these processes, maintaining a fresher and more aes-
thetically pleasing appearance (Comi 2017). The synergistic effect
of SoB and GLA enhances preservation, as their complementary
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| Assessment of pH (A), weight loss (B), lightness (C), redness (D), yellowness (E), peroxide value (POV) (F), thiobarbituric acid (TBA)

value (G), and total volatile basic-nitrogen (TVB-N) (H) of sliced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA)
and their combinations at 500 ug/mL during storage at 4°C. The blank control group represents sliced salmon treated solely with 40% ethanol. Values

represent the mean + SD of three replicates.

actions address both oxidative and microbial pathways leading
to discoloration. In contrast, the combined use of SoA and GLA
amplifies their synergistic effect, primarily targeting the micro-
bial pathways responsible for salmon discoloration. These dual-
action approaches demonstrate exceptional efficacy in protecting
the color and quality of refrigerated sliced salmon.

Lipid oxidation in seafood products is typically measured
by POV and TBA methods. The impact of the treatments on

salmon lipid oxidation is depicted in Figures 4F, 5F and 6F.
The initial POV of the negative and blank control samples ex-
hibited a significant (p <0.05) increase over the storage pe-
riod. conversely, the treated samples, including those exposed
to 40% ethanol alone, demonstrated stronger resistance to
oxidation (p <0.05) compared to the negative control group.
TBA analysis, which indicates the content of secondary lipid
oxidation products, revealed a gradual increase in TBA values
across all groups over time (Figures 4G, 5G and 6G). Treated
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sliced salmon exhibited significantly (p < 0.05) lower TBA val-
ues compared to the controls, particularly after day 9 during
the 12-day storage period. This effect was more pronounced
at 2000 and 1000 ug/mL treatment concentrations. Consistent
with the POV results, samples treated with the tested combi-
nations, namely GLA-SoB (1:2) and GLA-SoA (2:1), exhibited
low TBA values at the end of storage, indicating effective mit-
igation of lipid oxidation.

Previous research has established a correlation between POV lev-
els and psychrotrophic bacterial growth. These bacteria produce
lipase and phospholipase enzymes during refrigeration, facilitat-
ing the oxidation of released short-chain fatty acids (Li et al. 2021).
Furthermore, the observed differences in TBA values between
treatments with the tested combinations and the negative control
are likely attributed to their bactericidal, antioxidant, or combined
effects. This observation aligns with findings by Basavegowda and
Baek (2021), who demonstrated that compounds exhibiting bac-
tericidal or antioxidant properties can inhibit the formation and
oxidation of unsaturated fats, the primary drivers of rancidity in
food products. By reducing oxidation, the tested combinations ef-
fectively preserve the quality and stability of sliced salmon during
storage, preventing rancidity and extending shelf life.

Figures 4H, 5H and 6H present the TVB-N values, a marker of
bacterial decomposition in fish meat, in relation to the storage
period. Initial TVB-N levels in sliced salmon ranged from 7.05 to
7.71mgN/100 g. Progression of TVB-N values was observed in all
samples, with significant (p <0.05) differences emerging between
the control and treated groups after day 3. The rate of TVB-N
increase was notably slower in samples treated with tested com-
binations at 2000 and 1000 ug/mL, that is, GLA-SoB (1:2) and
GLA-SoA (2:1). Before day 12, the TVB-N value of the negative
control exceeded 35mg/100g, surpassing the previously estab-
lished maximum threshold. As reported by Alves et al. (2018),
a TVB-N level of 35mg/100g is considered the upper limit for
acceptable salmon freshness. In contrast, by day 12, these treated
groups exhibited significantly (p<0.05) lower TVB-N values
compared to the controls, attributed to their high antimicrobial
efficacy (Section 3.1). A strong correlation was observed between
TVB-N, PTC, and TVC values, further substantiating the efficacy
of these treatments in preserving salmon quality during refriger-
ated storage (Jia et al. 2021). When these results are integrated
with the results presented in Figures 1-3, the tested combina-
tions effectively reduce TVC, PTC, and other microbial counts.
This aligns with the observed decreases in TVB-N, TBA, and
POV, suggesting a potential correlation. Furthermore, the reduc-
tion in these parameters may also be attributed to the suppres-
sion of microbial catabolism (Basavegowda and Baek 2021).

3.3.2 | Evaluation of Quality Parameters in Minced
Salmon Treated With Tested Combinations

Over a 12-day storage period, microbial analysis revealed vari-
ations in TVCs, PTCs, Enterobacteriaceae counts, and yeast
and mold counts among the minced salmon samples stored
at 4°C (Figures 7-10). Initially, the microbial counts for the
blank control and experimental groups were reduced follow-
ing the addition of 40% ethanol, tested substances, and their
combinations. However, these counts increased progressively

with storage time. The TVCs, PTCs, and yeast and mold
counts of the negative control samples exceeded the accept-
able limit around days 9 to 10. In contrast, blank control and
experimental group samples maintained microbial counts
below the acceptable limit throughout the 12-day storage pe-
riod. Notably, the experimental group samples exhibited sig-
nificantly (p <0.05) lower microbial counts compared to the
blank control group. This reduction can be attributed to the
inhibitory effects of the tested combinations, which likely
extended the lag phase of microbial growth. Furthermore,
the inhibitory effect became more pronounced with higher
concentrations of the substances, effectively delaying micro-
bial proliferation and preserving the quality of the salmon
during refrigerated storage. Similar results were reported by
Eghbalian et al. (2021), who demonstrated reduced microbial
counts in trout treated with sodium caseinate-gelatin com-
bined with magnesium oxide (MgO) and spearmint (Mentha
spicata L.) essential oil. Likewise, Wu et al. (2016) periodically
assessed the TVC and PTC in silver pomfret (Pampus argen-
tus) samples treated with a chitosan-gallic acid (CS-GA) con-
jugate (chitosan gallate, CS-g-GA) during refrigerated storage
at 4°C for 15days. Their findings demonstrated that CS-g-GA
exhibited higher antimicrobial activity, resulting in microbial
populations 1.50-3.00 log,, CFU/g lower than those in control
samples after 15days of storage. These results are consistent
with the findings of this study.

The application of the tested combinations, along with 40%
ethanol, significantly (p<0.05) affected the pH of minced
salmon meat during refrigerated storage (Figures 11A, 12A,
13A and 14A). The initial pH of the minced salmon was 6.17.
The observed increase in pH during the storage period can be
attributed to the production of basic compounds, such as am-
monia, trimethylamine, and other biogenic amines, by spoilage
bacteria (Jia et al. 2021). The combined antioxidant and antimi-
crobial properties of GLA-SoB (1:2) effectively inhibited micro-
bial growth, which resulted in a comparatively lower pH in the
treated minced salmon. Similarly, GLA-SoA (2:1), employing
distinct antimicrobial mechanisms, also suppressed microbial
proliferation, reducing the pH in treated minced salmon by the
end of the 12-day storage period. These findings highlight the
efficacy of these combinations in mitigating microbial activity
and maintaining product quality during refrigeration.

As depicted in Figures 11B, 12B, 13B and 14B, a reduction in
weight loss was observed across all samples during storage.
Notably, the negative control exhibited a significantly (p <0.05)
higher weight loss compared to the treated minced salmon.
However, no significant (p>0.05) differences in weight loss
were observed among minced salmon treated with GLA, SoB,
SoA, GLA-SoA (2:1), and GLA-SoB (1:2), though higher concen-
trations of these treatments demonstrated a more pronounced
reduction in weight loss. The reduced weight loss in treated
minced salmon can be attributed to the decreased myosin de-
naturation, which was effectively mitigated by the protective
effects of the treatments (Wu et al. 2016). Myosin denaturation
reduces the hydration capacity of muscle proteins, leading to
increased water loss. Given that myofibrils constitute a sub-
stantial portion of muscle structure, alterations in water distri-
bution within the tissue result in the loss of loosely bound water,
contributing to greater weight loss in untreated samples (Wu

14 of 22

Food Science & Nutrition, 2025



A
= 1456 pg/g GLA o
-+ Negative control 3
O 1456 pg/g SoA z
-e- Blank control g
- 1456 pg/g GLA-SoB(1:2) 3
¢ 1456 pg/g SoB 2
-0~ 1456 pg/g GLA-SoA(2:1) £
=

Storage time (day)
77 D

1
0 T T T 1

S =

3 6 9 12 3 6 9 12 3 6 9 12

Microbial counts (Log CFU/g)
Microbial counts (Log CFU/g)
Microbial counts (Log CFU/g)

Storage time (day) Storage time (day) Storage time (day)
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4°C. The blank control group represents minced salmon treated solely with 40% ethanol. Values represent the mean + SD of three replicates.
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FIGURE 8 | Assessment of total viable count (A), psychrophilic bacteria count (B), yeasts and molds count (C), and Enterobacteriaceae count (D)
in minced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA) and their combinations at 728 ug/g during storage at
4°C. The blank control group represents minced salmon treated solely with 40% ethanol. Values represent the mean + SD of three replicates.

The impact of the tested combinations on the color parame-
ters of minced salmon samples is depicted in Figures 11C-E,
12C-E, 13C-E, and 14C—-E. The negative control group samples

et al. 2016). Furthermore, the lower microbiological degradation
observed in treated minced salmon further reduced weight loss
during refrigerated storage.
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FIGURE10 | Assessment of total viable count (A), psychrophilic bacteria count (B), yeasts and molds count (C), and Enterobacteriaceae count (D)
in minced salmon treated with glutaric acid (GLA), sodium bisulphite (SoB), sorbic acid (SoA) and their combinations at 182 ug/g during storage at
4°C. The blank control group represents minced salmon treated solely with 40% ethanol. Values represent the mean + SD of three replicates.

demonstrated a significant (p <0.05) preservation of L* values
relative to the untreated minced salmon (negative control).
Regarding a* value, the GLA-SoA (2:1) and GLA-SoB (1:2)

exhibited significantly lower (p <0.05) L* values at the end of
storage, likely attributable to the influence of sodium nitrate
on the minced salmon. In contrast, the treated minced salmon
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treated minced salmon exhibited comparable values to those
treated with the substances individually. This higher a* value
can be attributed to the antioxidant or antimicrobial properties
of the utilized substances. A significant (p <0.05) elevation in a*
value was observed in all treated samples compared to the blank
control. For b* value, the lowest values (p <0.05) were recorded
in the negative control. The incorporation of dual combinations
resulted in an increase in the b* values in the minced salmon,
although no significant (p > 0.05) variation was observed among

the experimental groups. These findings align with previous
studies that reported comparable results in treated salmon
(Fang et al. 2022; Lerfall et al. 2016).

The changes in the POV of minced salmon treated with
dual combinations are presented in Figures 11F, 12F, 13F,
and 14F. The untreated salmon samples exhibited the high-
est (p<0.05) POV, indicating a more pronounced oxidative
process. Conversely, minced salmon treated with the dual
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and their combinations at 728 ug/g during storage at 4°C. The blank control group represents minced salmon treated solely with 40% ethanol. Values

represent the mean + SD of three replicates.

combinations showed significantly (p < 0.05) lower POVs com-
pared to the blank control, demonstrating their efficacy in re-
ducing lipid oxidation. The lipid oxidation, measured by TBA
(Figures 11G, 12G, 13G, and 14G). Among the treatments, the
SoB and GLA-SoB (1:2) groups exhibited the lowest (p <0.05)
TBA values, indicating better protection against secondary
lipid oxidation. In the negative control group, the oxidative
reaction was significantly (p <0.05) more pronounced, even
compared to the blank control, underscoring the protective

effects of the tested substances. TVB-N's values increased pro-
gressively over time in all groups (Figures 11H, 12H, 13H, and
14H). Significant differences (p <0.05) emerged between the
control and treated groups after day 3 of storage. The increase
in TVB-N was markedly slower in minced salmon treated
with the dual combinations. On days 6 and 9, the TVB-N val-
ues of the negative and blank controls reached 35mg/100g
(maximum threshold). By day 12, the treated groups exhib-
ited significantly (p <0.05) lower TVB-N values than the two
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controls, attributable to their high antimicrobial activity and
ability to retard microbial decomposition of proteins.

Minced salmon presents distinct storage challenges compared
to sliced salmon, necessitating the use of more potent preser-
vatives. The larger surface area of minced salmon exposes it
to more oxygen molecules, accelerating lipid oxidation and
spoilage (McMillin 2008). Furthermore, the grinding process
distributes bacteria from the meat's surface throughout the

product, significantly elevating the microbial load and spoil-
age rate. Minced salmon retains more moisture, promoting
microbial growth and enzymatic activity (Nychas et al. 2008).
Additionally, the physical breakdown of muscle fibers during
grinding disrupts structural integrity, rendering proteins and
lipids more susceptible to oxidative and enzymatic degradation
(McMillin 2008). To address these challenges, preservatives
for minced salmon must effectively inhibit higher microbial
loads and target microbial distribution within the salmon
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meat matrix. Strong antioxidant properties are also crucial
to mitigate lipid and protein oxidation caused by increased
oxygen exposure. Dual combinations of antimicrobial and
antioxidant substances, such as GLA and SoB, or enhanced
antimicrobial systems like GLA and SoA, are highly effective
choices. These dual combinations provide comprehensive pro-
tection against spoilage and oxidation, ensuring the safety and
quality of minced salmon during storage.

4 | Conclusions

Based on the results of MIC and ) FIC, the tested combined GLA
with SoA or SoB exhibited antimicrobial activity. GLA-SoB combi-
nations exhibited powerful antioxidant properties. The synergistic
antimicrobial effects of these dual combinations were further vali-
dated through two model studies using sliced and minced salmon.
In comparison to the negative control, treatments with GLA-SoB

20 of 22

Food Science & Nutrition, 2025



(1:2) and GLA-SoA (2:1) significantly (p <0.05) reduced microbial
growth, TVB-N formation, lipid oxidation, and weight loss in both
model studies during refrigerated storage. These treatments ex-
tended the shelf life of the salmon by at least 3days. Furthermore,
these treatments maintained higher color preservation and more
stable pH levels over a more extended period than the control
groups. At higher concentrations, the dual combinations exhib-
ited enhanced antimicrobial activity. GLA offers a balanced pres-
ervation approach by combining cost-effectiveness with efficacy,
thereby reducing the reliance on SoB and SoA. The reduction in
the use of these commercial preservatives mitigates potential risks
associated with these preservatives, enhances safety, and positions
the dual combinations as promising candidates for commercial
applications in other meat products.
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