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Abstract: Seafood-borne pathogens, especially Listeria monocytogenes, pose a significant risk
to global health, with the formation of biofilm on abiotic surfaces exacerbating contamina-
tion risks in the seafood industry. This investigation evaluates the biofilm inhibition efficacy
of fucoidan against L. monocytogenes biofilms on commonly used processing surfaces. The
minimum inhibitory concentration (MIC) of fucoidan was determined to be 150 ng/mL,
and sub-MIC concentrations (1/8, 1/4, and 1/2 MIC) were assessed for their effects on
inhibition of biofilm. This action resulted in a substantial, dose-dependent reduction in
formation of biofilm, with maximum reductions of 2.91 log CFU/cm? on hand gloves (HG),
2.46 log CFU/ cm? on silicone rubber (SR), and 2.11 log CFU/ cm? on stainless steel (SS).
Gene expression analysis via real-time quantitative polymerase chain reaction (RT-qPCR)
revealed the downregulation of quorum-sensing (QS) and virulence-associated genes (flaA,
fbp, prfA, hlyA, and agrA), indicating fucoidan’s potential to inhibition of biofilm and
bacterial pathogenicity. These results emphasize fucoidan as a promising environmental an-
timicrobial agent for mitigating L. monocytogenes biofilm in seafood handling environments,
thus improving food safety and reducing contamination risks.

Keywords: biofilms; Listeria monocytogenes; hand gloves; silicon rubber; stainless steel;
fucoidan

1. Introduction

Foodborne illnesses, triggered by the ingestion of contaminated food, remain a press-
ing public health issue due to their rising incidence [1,2]. Within the seafood industry,
biofilms on abiotic (food-contact) surfaces undermine food safety and significantly increases
the potential for cross-contamination during handling, posing a serious risk to consumer
health [3,4]. Biofilms are complex, structured communities of microorganisms that attach
firmly to food and processing surfaces. These bacterial cells are embedded in a protective
matrix composed of extracellular polymeric substances (EPS), which they secrete, making
them more resistant to conventional sanitation methods [5]. Among foodborne pathogens,
Listeria monocytogenes is a key cause of foodborne illness, being one of the most prevalent
serovars [6]. This bacterium is responsible for listeriosis, a severe foodborne illness known
for having the highest mortality rate among zoonotic infections, resulting in substantial
social, medical, and economic impacts. According to the Centers for Disease Control
and Prevention (CDC), salmonellosis is responsible for approximately 1600 infections and
260 fatalities each year in the United States [7].

The persistence of L. monocytogenes in food handling surroundings is largely attributed
to its ability to form biofilms on food products and food-contact surfaces [1]. Bacteria
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within biofilms exhibit enhanced resistance to environmental stressors and antimicrobial
treatments, making them particularly difficult to eradicate compared with planktonic
cells [8]. The development of biofilms in food processing environments presents serious
challenges to hygiene and food safety, while also compromising product quality, damaging
processing equipment, and reducing overall operational efficiency [3]. Notably, biofilms are
liable for approximately 80% persistent infections of bacteria, further complicating efforts
to eliminate these pathogens and underscoring the need for effective control measures [9].

Quorum sensing (QS) and EPS possess pivotal responsibilities in the biofilm formation
against L. monocytogenes, a major foodborne pathogen known for its persistence in food
processing environments. The bacterial communication (QS) mechanism regulates gene
expression in response to population density, influencing behaviors such as virulence,
motility, and biofilm development. In L. monocytogenes, QS systems—particularly those in-
volving the autoinducer-2 (Al-2) signaling molecule mediated by the luxS gene—coordinate
biofilm maturation and surface adherence, contributing to the pathogen’s resistance to
environmental stresses and sanitizers [3,8].

EPS (consists of polysaccharides, nucleic acids, proteins, and lipids), forms the struc-
tural matrix of biofilms, enabling cell-to-cell adhesion and attachment to surfaces. This
matrix provides physical protection and also blocks nutrients and facilitates horizontal
gene transfer, further enhancing bacterial survival. The formation of EPS is closely linked
to QS-regulated gene expression, with QS signals upregulating genes involved in EPS
production and maintenance [4].

Targeting QS pathways and EPS synthesis has appeared as an encouraging approach
for reducing biofilm formation in L. monocytogenes. Natural antimicrobial agents, such as
plant-derived polyphenols and polysaccharides, have shown potential in disrupting QS
signaling and degrading EPS, weakening biofilm integrity, and making the bacteria more
susceptible to antimicrobial treatments [9]. Understanding the role of QS and EPS in L.
monocytogenes biofilms is essential for acquiring efficient approaches to control biofilm-
related contamination in biotic (food) processing environments.

Given the increasing challenges associated with biofilm-mediated contamination,
research efforts have intensified to develop novel antimicrobial strategies with enhanced ef-
ficacy. L. monocytogenes is particularly notorious for its ability to establish resilient biofilms,
facilitating its persistence in food handling surroundings and its resistance to conventional
sanitization methods [10-12]. In seafood processing facilities, the manifestation of L. morno-
cytogenes biofilms on abiotic surfaces present a critical challenge to food safety, necessitating
the development of groundbreaking methods to mitigate contamination risks and protect
public health.

Fucoidan is a sulfated polysaccharide produced in significant quantities by various
algal species, and its diverse biological properties against biofilm have been previously
investigated [13-15]. It is believed to exhibit antibacterial activity by altering bacterial cell
wall permeability, disrupting nutrient exchange, and inhibiting bacterial growth [16-18].
The increasing resistance of microorganisms to common antibiotics has intensified the
search for alternative antibiofilm agent [19,20]. Fucoidan (natural compound) has gained
attention due to their reported minimal adverse effects and cost-effectiveness, positioning
them as promising candidates for antimicrobial drug development [21-23].

Food additive plant-derived polyphenols, such as quercetin, have shown promising
antimicrobial and antibiofilm properties. Quercetin, a flavonoid with known antioxidant
activity, has been demonstrated to significantly decrease Salmonella biofilms on food and
abiotic (food-contact) surfaces at sub-inhibitory concentrations (31.25-125 pug/mL), with log
CFU/cm? reductions ranging from 1.50 to 2.61 [8]. In addition to reducing microbial counts,
quercetin interferes with key bacterial functions by downregulating genes accompanying
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with aourA, hilA (virulence), rpoS (stress response), and luxS (QS), thereby disrupting coordi-
nated biofilm development. Specifically, increasing concentrations of quercetin markedly
suppressed swarming and swimming motility and the expression of flagellar function
(flaA, flgL), biofilm-related (vp0952, vp0962), virulence (VopQ, vp0450), and QS (aphA, luxS)
(p < 0.05). The reduction in viable cell counts ranged from 0.10 to 2.17 and 0.26 to 2.31 log
CFU/cm?, respectively, on stainless steel (SS) and hand gloves (HG), depending on the
quercetin concentration [24].

Recent studies suggest that fucoidan not only exerts antibacterial effects but also
interferes with biofilm formation and destabilizes preformed in several bacterial species
biofilms, highlighting its prospective role in preventing biofilm-associated contamina-
tions [22]. Additionally, effectiveness in reducing L. monocytogenes biofilms on seafood
surfaces, particularly HG, silicon rubber (SR), and SS, persists mostly unknown.

Aims to assess the effects of fucoidan at sub-minimum inhibitory concentrations (sub-
MIC) on the reduction in biofilm of L. monocytogenes on commonly used seafood contact
surfaces, including HG, SR, and SS. Furthermore, it examines how fucoidan influences
the relative genes associated with biofilm development and pathogenecity at the molec-
ular level. The outcomes of this research will offer important insights into the potential
of fucoidan as a natural antibacterial solution in the seafood processing surroundings,
supporting enhanced food safety.

2. Materials and Methods
2.1. Bacterial Strain and Culture Conditions

Listeria monocytogenes (ATCC19113) was used as the model organism in this study. The
strain was kept at —70 °C in tryptic soy broth (TSB) containing 30% glycerol, following
a previously established protocol [22]. For culturing, 100 uL of the frozen stock was
inoculated in 10 mL TSB (BD Difco, Franklin Lakes, NJ, USA) and incubated at 30 °C in
a shaking incubator (Vision Scientific, V5-8480, Daejeon, Republic of Korea) at 200 rpm.
After overnight incubation, 100 uL of the resulting culture was transferred into a fresh 10
mL TSB medium and incubated for an additional 24 h under the same conditions.

The suspension of bacteria was centrifuged at 5400 rpm for 10 min at 4 °C after 18 h of
incubation. It was then twice rinsed with sterile phosphate-buffered saline (PBS, pH 7.4)
and resuspended in the same buffer. Peptone water (PW; Oxoid, Basingstoke, England) was
then used to dilute the final suspension to reach a standardized inoculum concentration of
10° Log CFU/mL. For additional research, this generated inoculum was then utilized to
promote the creation of biofilms on abiotic surfaces.

2.2. Food-Contact Surfaces Preparation

Food-contact surface preparation was carried out with slight modifications based
on previously reported protocols [24]. Silicone rubber (SR) (Komax Industrial Co., Ltd.,
Goyang-ro, Republic of Korea) was chosen due to its common use in food processing
environments. Hand gloves (HG), silicone rubber (SR), and stainless steel (SS) coupons
(dimensions: 2 cm x 2 cm X 0.1 cm) were prepared according to earlier studies [24].
To remove any residual organic material, the surfaces were thoroughly cleaned using
sterile distilled water (DW). To eliminate any background microorganisms, each side of
the coupons was exposed to UV-C light (wavelength and intensity were 254 nm and
120 mJ /cm?, respectively) for 15 min. Following sterilization, the sanitized coupons were
dipped in 10 mL of TSB medium, which was inoculated with L. monocytogenes at an
initial concentration of 10° log CFU/mL. The inoculated samples were incubated under
static conditions at 30 °C for 24 h to allow for biofilm development prior to subsequent
experimental procedures.
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2.3. Fucoidan Preparation and MIC Determination

Fucoidan obtained from Sigma-Aldrich (St. Louis, MO, USA) and stock solution
was prepared at a concentration of 1 mg/mL dissolved in sterile DW. A conventional
microdilution technique, with previous reported methods, was used to determine the
MIC of fucoidan against L. monocytogenes [25]. A variety of fucoidan concentrations were
obtained in TSB by performing a two-fold serial dilution. A sterile 96-well microplate
(Corning Incorporated, Corning, NY, USA) was filled with 100 pL of bacterial suspension
that had been adjusted to 10° log CFU/mL and 100 pL of each diluted fucoidan solution
(final concentrations: 0-300 pg/mL). For the MIC experiment, this led to a final amount of
200 pL/well.

Microbial growth was measured using a microplate reader (Spectra Max 190, Sunny-
vale, CA, USA) for measuring absorbance at 600 nm after the plate was incubated for 24 h
at 30 °C. In order to verify the MIC, 100 uL aliquots that showed no discernible microbial
growth were cultured on Tryptic Soy Agar (TSA) for colony enumeration (Thermo Scientific,
Oxoid, Basingstoke, UK).

Three duplicates of each experiment were carried out. A MIC of 150 pg/mL was
found for fucoidan. To assess the impact of fucoidan on the production of L. monocytogenes
biofilms at 0,1/8, 1/4, and 1/2 MIC were used in the following tests.

2.4. Biofilm Inhibitionand the Detachment of Biofilm Process

The biofilm inhibition test was performed using a previous published methodol-
ogy [26]. The MIC of fucoidan against L. monocytogenes was found to be 150 pg/mL in
this investigation. Although not directly bactericidal, inhibition of biofilm was assessed at
sub-MIC levels, which could include affected bacterial virulence characteristics. A control
group devoid of fucoidan and test groups, which were administered fucoidan at 1/8,1/4,
and 1/2 MIC, were part of the experimental design.

In 50 mL Falcon tubes containing food-contact surface samples, 10 mL of TSB was
mixed with fucoidan at the specified doses (0, 1/8, 1/4, and 1/2 MIC) to promote the
development of biofilms. A vortex mixer (Scientific Industries, SI-0256, Bohemia, NY,
USA) was used to homogenize the liquid after a 100 uL aliquot of microbial suspension
(10° Log CFU/mL) was added. To enable the formation of biofilm, the samples were
subsequently incubated for 24 h at 30 °C under static conditions.

After incubation, they were washed two times with sterile DW to eliminate any loosely
attached bacteria. To remove the adhering bacteria, the surfaces were vortexed for 2 min
after being submerged in 10 mL of peptone water (PW), including ten sterile glass beads.
To count the colony, the recovered microbial solution was serially diluted and cultured on
TSA. The colony-forming units (CFU) were counted following a 24 h incubation at 30 °C.

The antibiofilm effectiveness of fucoidan was measured by calculating the decrease in
microbial populations (Log CFU/cm?) in comparison to the control.

2.5. RNA Extraction, Complementary DNA (cDNA) Synthesis, and Real-Time Quantitative PCR
(RT-qPCR) Analysis

This study was carried out with slight modifications from established methods [27-29]
to assess the influence of fucoidan on QS and virulence-related gene expression in L. morno-
cytogenes. Bacterial suspensions treated with fucoidan (10° log CFU/mL) were inoculated
in 10 mL of TSB within Falcon tubes and incubated at 30 °C for 24 h to promote biofilm
development. Following incubation, the bacterial cells were harvested by centrifugation,
and total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany).

A NanoDrop spectrophotometer (BioTek Instruments, Chicago, IL, USA) was used for
measuring absorbance at 260/280 nm and 260/230 nm ratios to evaluate the concentration
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and purity of RNA. The Maxime RT PreMix (Ran-Damon Primer) kit (iNtRON Biotech-
nology Co., Ltd., Seoul, Republic of Korea) was used to synthesize cDNA. Table 1 lists the
primer sequences for RT-qPCR, using 165 rRNA as the housekeeping reference gene.

Table 1. PCR primer used for Real-Time PCR.

Ea: ESSC Primer Sequences (5'-3) Ampl(iﬁg;l Size Genﬁfn‘ic;esrs fon

16SIRNA o SO AT TS 199 CP016470.1
A R TTTAGTTGCGATGOATTCGT 184 CPO87264.1
PA R ACCCTOCTCGCTAATCACTT 186 CP093220.1
YA R ACTCCOTTOTTAACGTTTOA 168 CP093220.1
PP R CGCCATAAAGAGCGATACTT 189 CP090057.1

A 20 pL RT-qPCR reaction was performed using 1 uL of cDNA template, gene-specific
primers, and Power SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher
Scientific, Warrington, UK). Amplification was performed on a CFX Real-Time PCR System
(Bio-Rad, Hercules, CA, USA) under the following cycle conditions: initial denaturation
at 95 °C for 20 s, annealing at 50 °C for 20 s, and extension at 72 °C for 20 sec. A melting
curve analysis was used to establish product specificity. The 2724t technique was used to
determine relative gene expression levels.

2.6. Statistical Analysis

Each experiment was carried out in triplicate, and the results are described as mean
and the standard error of the mean (SEM). To evaluate statistical significance, one-way
analysis of variance (ANOVA) was employed and Duncan’s multiple range test for post
hoc comparison was used. Differences were considered statistically significant at p < 0.05.
All statistical analyses were carried out using SAS software version 9.2 (SAS Institute Inc.,
Cary, NC, USA).

3. Results
3.1. MIC of Fucoidan

Fucoidan’s inhibitory impact was dose-dependent and varied among bacterial species.
The MIC was regarded as the lowest possible concentration of fucoidan that resulted in
no apparent bacterial growth. Additional studies were carried out to evaluate the MIC
for antibacterial activity against L. monocytogenes. Fucoidan doses of 0 to 150 ug/mL were
utilized and Fucoidan’s inhibitory impact was dose-dependent and varied among bacterial
species. The MIC was regarded as the lowest possible concentration of fucoidan that
resulted in no apparent bacterial growth. Additional studies were carried out to evaluate
the MIC for antibacterial activity against L. monocytogenes.

Fucoidan doses of 0 to 150 ng/mL showed no significant influence on bacterial growth
(p > 0.05). Based on these findings, the sub-MIC range was established as 31.25-125 pg/mL.
The MIC of fucoidan hostile to L. monocytogenes was determined to be 150 pug/mL. For
further investigations, sub-MIC corresponding to 1/8, 1/4, and 1/2 MIC were employed to
evaluate the impact of fucoidan on bacterial biofilm formation.
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3.2. Anti-Biofilm Activity of Fucoidan on Food-Contact Surfaces Against L. monocytogenes

Fucoidan demonstrated significant anti-biofilm activity hostile to L. monocytogenes
on HG, SR, and SS, as illustrated in Figures 1-3. A concentration-dependent reduction
in biofilm formation was observed, with higher fucoidan concentrations yielding greater
inhibitory effects. On HG surfaces, biofilm formation was reduced by 0.50, 1.07, and
291 log CFU/ cm? at different concentrations corresponding to 1/8, 1/4, and 1/2 of the
MIC, respectively (Figure 1). Likewise, biofilm inhibition on SR surfaces reached 0.24,
1.16, and 2.45 log CFU/cm? at the same respective concentrations (Figure 2). On SS
surfaces, biofilm inhibition values of 0.53, 1.18, and 2.11 log CFU/ cm? were recorded at
concentrations of 1/8,1/4, and 1/2 MIC, respectively (Figure 3).

HG
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Control 1/8MIC 1/4MIC 1/2MIC

Fucoidan concentrations (pg/mL)

Figure 1. Biofilm development of Listeria monocytogenes on HG surfaces. Data are shown as
mean =+ standard error of the mean (SEM) based on replicates (n = 3). Distinct letters (a—c) denote

statistically significant differences at (p < 0.05).
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Figure 2. Formation of Listeria monocytogenes biofilm on SR surfaces. Values represent the
mean = standard error of the mean (SEM) from three independent replicates (n = 3). Different
lowercase letters (a—c) indicate significant differences (p < 0.05).
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Figure 3. The data shows the dose-dependent effect of fucoidan in reducing the biofilm of Listeria
monocytogenes on the SS surface. Results are stated as mean & SEM (n = 3), with statistically significant
differences indicated by different letters (a—c) at p < 0.05.

3.3. Relative Expression Levels

Figure 4 illustrates the downregulation levels of virulence and stress response genes
(flaA, fop, prfA, hlyA, and agrA), measured by RT-qPCR, in response to sub-inhibitory con-
centrations of fucoidan (ranging from 0 to 125 ug/mL). Gene expression was significantly
downregulated at different concentrations of fucoidan (p < 0.05). The fold changes in gene
expression for flaA, fbp, prfA, hlyA, and agrA at control, 1/8, 1/4, and 1/2 MIC were as
follows: flaA—1.00, 0.864, 0.537, 0.308; fbp—1.00, 0.850, 0.475, 0.321; prfA—1.00, 0.825, 0.546,
0.364; hlyA—1.00, 0.824, 0.524, 0.364; agrA—1.00, 0.856, 0.570, 0.351. These results indicate
that fucoidan treatment affects the demonstration of key genes associated with bacterial
pathogenocity and QS in L. monocytogenes.
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Figure 4. Downregulation levels of agrA, prfA, fbp, flaA, and hylA genes in Listeria monocytogenes
culture under control, 1/8 MIC, 1/4 MIC, and 1/2 MIC quercetin treatments. Data represent the
mean of three replicates (n = 3). Different letters (a—c) indicate significant differences (p < 0.05).
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4. Discussion

The effectiveness of fucoidan in preventing L. monocytogenes inhibition of biofilm
on abiotic surfaces and examined its possible modes of action. The findings showed
that fucoidan significantly inhibited biofilm development and disrupted already-formed
biofilms, even at concentrations below the MIC. Fucoidan, a sulfated polysaccharide
extracted from Fucus vesiculosus, is known for its antimicrobial activity against various
foodborne pathogens and dental plaque bacteria [30,31]. Earlier research has reported
MIC values for fucoidan between 125 and 1000 pg/mL [32]. Regarding its antibiofilm
effects, 250 pg/mL were particularly efficient in suppressing of Streptococcus mutans and
S. sobrinus biofilm formation and planktonic cells [32]. Data highlight the prospect of
fucoidan as an environmental antibacterial negotiator suitable for applications in the
seafood processing industry.

Biofilm formation on abiotic surfaces tips to persistent contamination and resistance to
conventional sanitation methods, presenting ongoing challenges in seafood production [33].
In the current study, fucoidan significantly reduced L. monocytogenes biofilm formation on
HG, SR, and SS surfaces, with the most pronounced effects monitored at 1/2 MIC and MIC
levels (see Figures 1-3). Comparable antibiofilm effects of fucoidan have also been reported
against Staphylococcus aureus and Escherichia coli [34]. The MIC of 150 pug/mL for L. monocy-
togenes identified here aligns with previous findings for Gram-negative bacteria like Pseu-
domonas aeruginosa and E. coli, which reported MIC values between 100 and 200 pg/mL [35].
These observations support the broad-spectrum and concentration-dependent antibacterial
activity of fucoidan. Notably, the biofilm-associated bacterial counts were reduced by up to
2.91 log CFU/cm? on HG, 2.46 log CFU/cm? on SR, and 2.11 log CFU/cm? on SS surfaces.

In addition, the antimicrobial efficacy of fucoidan F85 was evaluated against Strep-
tococcus mutans in Brain Heart Infusion (BHI) broth at 0 to 250 ug/mL. The untreated
group, which served as a baseline for bacterial growth, demonstrated a substantial
proliferation—rising from an initial inoculum of approximately 5.2 log CFU/mL to around
8.6 log CFU/mL within 18 h. This elevated bacterial load remained stable over the next
30 h, with only a modest decline of about 1 log unit observed by the 48 h mark, likely due
to nutrient depletion or accumulation of toxic metabolic by-products.

Conversely, treatment with fucoidan at 125 pg/mL presented a strong bacteriostatic
effect, completely inhibiting the growth of S. mutans throughout the 48 h incubation period.
Notably, the highest tested concentration (250 pg/mL) exerted a pronounced bactericidal
action, resulting in a sustained and progressive decline in viable cell counts. By the end of
the 48 h period, the bacterial population had dropped to approximately 3.3 log CFU/mL—
indicating a substantial reduction both the untreated control and the lower concentration
group [22].

These findings highlight not only the dose-dependent antimicrobial activity of fu-
coidan but also its dual functional potential: as a growth inhibitor at moderate concentra-
tions and as a bactericidal agent at higher doses. The progressive decrease in viable bacterial
counts at 250 ng/mL suggests membrane disruption or interference with critical cellular
processes, meriting further mechanistic studies. This research underscores the potential
application of fucoidan as an effective natural antimicrobial, especially for targeting oral
pathogens like S. mutans, and potentially extending its utility to foodborne pathogens and
biofilm-related contamination in food systems [32].

In addition to its inhibitory effects on biofilm formation, fucoidan also downregulated
genes (flaA, fop, prfA, hlyA, and agrA) in L. monocytogenes biofilms. These genes play critical
roles in bacterial communication, biofilm formation, and pathogenicity. The observed
downregulation suggests that fucoidan interferes with these molecular pathways, prevent-
ing biofilm formation and destabilizing pre-existing biofilms [36]. These findings align with
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previous research suggesting that natural polysaccharides, like fucoidan, can act as potent
antibiofilm agents by targeting QS, stress response, and pathogenecity mechanisms [37-39].

The seafood sector is facing substantial issues, which offer significant food safety
and global health hazards. It reveals fucoidan’s potential as an environmental therapy
for various difficulties. Fucoidan has various advantages over typical compound sanitiz-
ers, including the fact that it is naturally sourced, low in toxicity, and environmentally
benign [30,40]. Furthermore, its efficacy at sub-MIC levels makes it more industrially
applicable by lowering costs and minimizing the possibility of antibiotic resistance [41].

In comparison, fucoidan (Fucus vesiculosus) has recently garnered attention for its
wide-ranging antimicrobial and antibiofilm actions. Fucoidan has shown efficacy hostile
to both Gram-positive and Gram-negative bacteria, involving Salmonella spp., with MICs
ranging between 125 and 150 ug/mL [8,22]. Like quercetin, fucoidan can inhibit biofilm
formation on food-contact surfaces such as SS, HG, and SR, and it also modulates bacterial
gene expression related to quorum sensing, stress tolerance, and virulence [8]. A sensory as-
sessment was performed on fucoidan-treated groups, incorporating various concentrations
of fucoidan over multiple storage intervals [42]. Findings indicated butter samples with
0.5% fucoidan showed a marked decrease in acid and peroxide values, thereby enhancing
shelf life, as confirmed through sensory testing [43]. On the first day, no differences in taste
were detected across all samples at fucoidan applications, there were no negative impacts
on flavor. As fucoidan levels increased, the butter’s color became marginally lighter, and
textural improvements such as greater softness and spreadability were observed. By the
40th day of storage, a slight development of a rancid taste was present in all samples, with
the control exhibiting the most intense off-flavor. In contrast, samples treated with higher
levels of fucoidan retained acceptable sensory attributes and did not develop undesirable
organoleptic qualities [44]. Overall, the shelf life—the time frame throughout food product
remains safe, nutritious, and sensorially acceptable—was significantly extended in the
fucoidan-treated butter.

Given their different molecular structures and bioactivities—polyphenolic versus
polysaccharide—comparative research into natural compounds like quercetin and fucoidan
is critical to identify effective, safe, and sustainable biofilm control strategies in food
systems. This study builds on this growing body of knowledge by further exploring
fucoidan’s antibiofilm effects, with particular attention to its mechanism of action and
practical implications in seafood processing environments.

5. Limitations and Future Directions

Several limitations need to be addressed. The efficacy of fucoidan should be validated
in seafood handling environments, as the current study was conducted in a controlled labo-
ratory setting. Additionally, further research is required to evaluate the cost-effectiveness
and potential impacts on the sensory attributes of seafood products [45,46]. Furthermore,
it is essential to comprehensively assess the sensory implications of applying fucoidan
to seafood products. Despite its natural origin and low toxicity, fucoidan may alter key
organoleptic attributes—such as flavor, texture, aroma, and visual appearance—which
could influence consumer preference and acceptance. Future investigations should there-
fore include sensory evaluation to ensure that the quality of seafood products remains
unaffected following fucoidan treatment.

In addition, practical challenges related to fucoidan’s formulation and application
need to be thoroughly explored. Its physicochemical stability under different processing
conditions—including variations in temperature, pH, and interaction with other food-grade
compounds—must be characterized. Suitable delivery systems, such as edible films, surface
sprays, or wash treatments, should be developed and refined to guarantee consistent and
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efficient application for optimal biofilm suppression. Moreover, the industrial viability of
fucoidan depends on the ability to produce it at scale with consistent purity and bioactiv-
ity. Establishing standardized manufacturing protocols is therefore critical for ensuring
reproducibility and enabling commercial implementation.

The antimicrobial effectiveness of fucoidan in environments containing complex food
residues, such as proteins or lipids, remains unexplored and represents a critical gap in
its practical application. Proteins and fats may bind to or shield bacterial cells, potentially
reducing the availability and efficacy of fucoidan at the site of microbial adhesion or
biofilm formation.

Therefore, future studies should be designed to assess fucoidan’s antibacterial and
antibiofilm performance under conditions that closely mimic actual food processing en-
vironments. Investigating its stability and activity in the presence of meat exudates, fish
oils, or dairy residues will provide valuable insights into its functional reliability. This will
help determine whether higher concentrations or alternative formulations are required to
maintain its antimicrobial potency under such challenging conditions. Addressing this lim-
itation is essential for validating fucoidan’s suitability for use in food industry applications
where organic contaminants are routinely encountered.

Future studies should also explore the synergistic effects of fucoidan with other natural
antimicrobials to enhance its efficacy against biofilm-associated infections.

Therefore, this study suggests that fucoidan could serve as a safe and effective natural
antibiofilm agent to combat L. monocytogenes on food-contact surfaces. It offers a viable
strategy for improving food safety and minimizing microbial contamination in the seafood
industry. Further research is needed to expand its application to other foodborne pathogens
and industrial contexts, maximizing its potential as a natural antimicrobial intervention.

6. Conclusions

Fucoidan exhibits significant antimicrobial and antibiofilm activity against L. monocyto-
genes on seafood surfaces, leading to a reduction in bacterial counts by 2.91 log CFU/cm? on
HG, 2.45 log CFU/ cm? on SR, and 2.11 log CFU/ cm? on SS at sub-MIC (31.25-125 pg/mL).
The downregulation of the virulence gene indicated that it has antimicrobial effects against
foodborne pathogens. Due to its natural origin, low toxicity, and effectiveness at sub-MIC
levels, fucoidan presents a promising, sustainable alternative to conventional chemical
disinfectants in the seafood industry. Further studies are required to evaluate its prac-
tical applications in industrial settings, explore potential synergistic effects with other
antimicrobials, and assess its impact on seafood product quality. These findings highlight
fucoidan’s potential as an effective tool for enhancing food safety and minimizing microbial
contamination in the seafood sector.
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