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ABSTRACT

Seafood-associated foodborne infections remain a major global public health challenge due to the
high susceptibility of aquatic products to microbial contamination throughout production, pro-
cessing, distribution, and storage. Environmental pollution, inadequate post-harvest handling,
cold-chain failures, and hygiene deficiencies significantly contribute to the transmission of patho-
genic microorganisms, including Vibrio parahaemolyticus, Vibrio vulnificus, Salmonella spp.,
Escherichia coli, Listeria monocytogenes, and Staphylococcus aureus. Although conventional
preservation strategies such as thermal processing, freezing, drying, and chemical preservatives
are widely employed to control microbial hazards, these approaches are increasingly constrained
by quality deterioration, consumer demand for minimally processed foods, and the growing emer-
gence of antimicrobial resistance.

In recent years, research into nanotechnology-based approaches as innovative tools to enhance
food safety has been increasing. Among these, zinc oxide (ZnO) nanoparticles are one of the most
notable. Due to ZnO's unique physicochemical properties, multiple antimicrobial mechanisms, and
its general acceptance as safe (GRAS), it has emerged as a promising antimicrobial agent. How-
ever, concerns regarding environmental sustainability, biocompatibility, and potential toxicity in
the production of nanoparticles have highlighted the need for alternative synthesis methods. Ac-
cordingly, green synthesis approaches using plant-derived biomolecules are considered environ-
mentally friendly and safer options, as they reduce chemical residues and increase biocompatibil-
ity.

This compilation comprehensively addresses the prevalence and public health significance of bac-
terial pathogens associated with aquatic products, with particular focus on Vibrio parahaemolyti-
cus, Vibrio vulnificus, Salmonella spp., Escherichia coli, Listeria monocytogenes, and Staphylo-
coccus aureus, and evaluates the shortcomings of traditional control strategies. Additionally, the
antimicrobial activity, efficacy, and safety of green-synthesized ZnO nanoparticles are systemati-
cally examined alongside current regulatory approaches and knowledge gaps, emphasizing future
research areas that will support the responsible use of ZnO nanoparticles obtained through green
synthesis in seafood safety.

Keywords: Seafood, Food safety, Vibrio parahaemolyticus, Salmonella spp.,
Zinc oxide nanoparticles, Green synthesis, Nanotechnology, Antimicrobial activity
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Introduction

Seafood is playing an increasingly important role in global
food consumption due to its high bioavailability of protein
content and its nutritional benefits for human health. Accord-
ing to the 2024 edition of the State of World Fisheries and
Aquaculture (SOFIA) report, global fishery and aquaculture
production reached 223.2 million tons in 2022; per capita sea-
food consumption increased to 20.7 kg based on 2022 data
(FAO, 2024). This increase is approximately twice the rate of
global population growth, indicating that seafood is a critical
source of protein for global food security and food safety.

The rapid increase in seafood consumption worldwide has
made food safety risks more prominent and significant at all
stages, from production to consumption. Due to production,
harvesting, and processing processes, they are in direct con-
tact with aquatic environments, which increases the risk of
microbial contamination stemming from environmental pol-
lution, inadequate post-harvest practices, and hygiene defi-
ciencies. Therefore, ecological pathogens such as Vibrio para-
haemolyticus and Vibrio vulnificus, as well as common food-
borne bacteria like Salmonella spp., Escherichia coli, Listeria
monocytogenes, and Staphylococcus aureus, are among the
leading causes of infections related to seafood. The increase
in global trade and the frequent consumption of raw or under-
cooked seafood further elevate the public health risks posed
by these pathogens.

Traditional food safety and preservation methods effectively
control microbial risks but are increasingly struggling to
maintain the sensory and nutritional qualities of aquatic prod-
ucts. Thermal processes and chemical preservatives often lead
to quality loss and decreased consumer preference. On the
other hand, the widespread use of antibiotics promotes the de-
velopment of antimicrobial resistance; this challenge is now
recognized as a global threat to food safety and public health.
The growing demand for safe food production and supply
makes the development of effective, sustainable, and alterna-
tive control strategies a priority from both scientific and in-
dustrial perspectives.

Despite advances in food processing and hygiene manage-
ment, foodborne diseases remain a major global public health
burden. The World Health Organization (WHO) estimates
that approximately 600 million people fall ill due to food-
borne diseases each year, resulting in around 420.000 deaths.
Bacterial pathogens cause a large portion of this burden.
Among them, Salmonella spp. is one of the most commonly
reported causative agents globally, whereas Listeria mono-
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cytogenes, although less prevalent, is associated with signifi-
cantly higher hospitalization and mortality rates (WHO, 2015;
FAO & WHO, 2021 a; EFSA, 2024).

Restrictions on processing and preservative applications for
foods, along with the increase in antimicrobial resistance, are
causing current food safety approaches to be inadequate in ad-
dressing various challenges related to seafood consumption
(Mohsin et al., 2020). This challenge highlights the need to
develop innovative, effective, and sustainable technological
solutions for controlling pathogens originating from aquatic
sources. Recently, nanotechnology-based approaches, partic-
ularly those involving metal oxide nanoparticles, have shown
promise as solutions due to their antimicrobial mechanisms
targeting multiple objectives and their flexible application
possibilities. Zinc oxide (ZnO) nanoparticles are among vari-
ous nanomaterials that stand out due to their broad-spectrum
antimicrobial properties, chemical stability, affordability, and
potential for food system compatibility. Green synthesis
methods using plant extracts provide eco-friendly alternatives
to traditional chemical and physical production techniques by
minimizing hazardous reagents and enhancing sustainability.
These green-produced ZnO nanoparticles demonstrate anti-
microbial effects through mechanisms such as reactive oxy-
gen species generation, membrane disruption, zinc ion re-
lease, and interference with vital cellular processes, making
them effective against numerous foodborne pathogens.

This compilation focuses on bacterial pathogens associated
with seafood processing, evaluating their prevalence, roles in
global foodborne illnesses, and their potential to contaminate
supply chains. Although many studies have examined sea-
food-borne pathogens, traditional preservation methods, and
nanotechnology-based solutions separately, comprehensive
and comparative evaluations remain limited despite the in-
creasing global seafood consumption. Furthermore, while re-
search on metal oxide nanoparticles has expanded considera-
bly, integrated seafood-oriented assessments addressing their
antimicrobial mechanisms, safety aspects, sustainable pro-
duction strategies, and practical applicability are still scarce.
This review aims to fill these gaps by addressing bacterial
pathogens related to seafood, the limitations of conventional
control approaches, and the antimicrobial potential of green-
synthesized zinc oxide (ZnO) nanoparticles, thereby identify-
ing future research needs.

Bacterial Pathogens Related to Seafood

Pathogenic microorganisms in seafood originate from natural
environmental reservoirs, including marine, estuarine, and
freshwater habitats. They can be transmitted through fecal
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contamination from human or animal sources, as well as via
processing, transportation, and distribution practices. In this
context, these microorganisms represent a significant epide-
miological concern for seafood safety, with important impli-
cations for virulence potential and public health (FAO &
WHO, 2021a; EFSA, 2024).

Some pathogens, such as Vibrio parahaemolyticus and Vibrio
vulnificus, are naturally present in aquatic environments
where seafood is collected. In contrast, microorganisms like
Salmonella spp. and Escherichia coli are primarily transmit-
ted through fecal contamination of water or food. Conversely,
Listeria monocytogenes and Staphylococcus aureus primarily
originate from hygiene issues and cross-contamination during
transportation, processing, and post-harvest stages. Regard-
less of their origins, preventing these pathogens from enter-
ing, surviving, and proliferating in seafood is of great im-
portance for food safety. The primary reservoirs, seafood
sources, and health outcomes associated with these pathogens
are summarized in Table 1 (Ozden, 2023). While each patho-
gen poses different infection risks, vulnerable groups such as
infants, pregnant women, the elderly, and immunocompro-
mised individuals can experience serious health problems
even at very low contamination levels.

Temperature control is vital in limiting the growth and sur-
vival of pathogens such as Vibrio spp., Salmonella spp., E.
coli, and S. aureus from marine and soil sources. It plays a
critical role in all seafood production processes. However,
Listeria monocytogenes, which can survive and proliferate
even under refrigeration conditions, poses a significant risk,
especially for cold-stored and ready-to-eat (RTE) seafood
products. Well-cooked seafood is generally microbiologically
safe, but strict hygiene practices are essential in regions where
raw or minimally processed seafood is common. In particular,
high rates of gastroenteritis caused by Vibrio parahaemolyti-
cus in Japan and other Asian countries are linked to the fre-
quent consumption of raw or inadequately processed seafood
(Ozden, 2023).

Vibrio parahaemolyticus and Vibrio vulnificus

Vibrio parahaemolyticus and Vibrio vulnificus are halophilic,
Gram-negative bacteria that are naturally found in marine and
estuarine environments. The presence of these microorgan-
isms in seafood is closely related to environmental factors
such as water temperature, salinity, and nutrient levels. An in-
crease in sea surface temperatures and coastal eutrophication
particularly elevates the density of Vibrio bacteria in harvest-
ing areas for shellfish. Therefore, filter-feeding species such
as oysters, mussels, and sea snails pose a significant risk
source for these pathogens (FAO & WHO, 2021b).
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Understanding the pathogenicity of these two types is of crit-
ical importance in assessing the severity of the diseases they
cause:

o Vibrio parahaemolyticus (Gastroenteritis Focused)

The pathogenicity of this species is primarily due to toxins
such as thermostable direct hemolysin (TDH) and TDH-
associated hemolysin (TRH). These toxins irritate the in-
testinal epithelium, increase fluid secretion, and generally
cause watery diarrhea. Infections are mostly self-limiting;
however, in some cases, they can be serious (FAO &
WHO, 2021b; Letchumanan et al., 2014).

o Vibrio vulnificus (Systemic and Life-Threatening)

This type is notably more virulent, capable of evading the
host's immune response through capsular polysaccharides,
and causes significant tissue damage with its cytotoxins.
In at-risk individuals such as immuno-compromised per-
sons or those with chronic liver disease, it can enter the
bloodstream and lead to septicemia, with mortality rates in
these cases reaching up to 50% (FAO & WHO, 2021b; Ol-
iver, 2015).

The proliferation of these bacteria in aquatic environments
and their potential to cause disease are directly linked to
environmental stress factors:

e Warming Seas and Eutrophication

Increasing sea surface temperatures have been associated
with the proliferation of pathogenic Vibrio populations in
coastal waters, particularly in shellfish harvesting areas,
where warmer conditions enhance bacterial growth and
survival (Vezzulli et al., 2015).

¢ Biofilm Formation

These microorganisms have the ability to adhere to sur-
faces and form biofilms. Biofilms are structures in which
microorganisms are organized within a matrix, and they
help overcome the host's immune responses by providing
environmental resilience and resistance to disinfectants.
These features facilitate transmission through aquatic en-
vironments and via water products (Yildiz & Visick,
2009).

Organisms such as oysters, mussels, and scallops that filter
feed act as natural cleaners by effectively accumulating path-
ogens. Research shows that Vibrio levels in the tissues of
these organisms can be much higher than in the surrounding
water (DePaola et al., 1990). This bioaccumulation indicates
that consuming a single raw oyster could be sufficient to reach
an infectious dose.
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Table 1. Comparative overview of major seafood-associated bacterial pathogens

Pathogen
Vibrio parahaemolyticus
Vibrio vulnificus
Salmonella spp.
Escherichia coli
Listeria monocytogenes
Staphylococcus aureus

Primary Reservoir
Marine waters
Marine waters

Faecal contamination
Faecal sources
Processing environments
Human carriers

Salmonella spp.

Salmonella spp. are among the most common foodborne path-
ogens worldwide and constitute a significant portion of global
foodborne illnesses (Majowicz et al., 2010). Unlike Vibrio
species, Salmonella is not a natural part of aquatic ecosys-
tems; its presence in seafood is primarily an indicator of fecal
contamination originating from human or animal waste
(Amagliani et al., 2012; Batz et al., 2012). This pathogen typ-
ically enters the seafood supply chain through the use of con-
taminated water or inadequate hygiene practices (Heinitz et
al., 2000). From a public health perspective, Salmonella-re-
lated gastroenteritis continues to be one of the leading causes
associated with seafood (Iwamoto et al., 2010). Additionally,
the increasing antimicrobial resistance in Sal/monella strains
has made this pathogen a significant target for innovative con-
trol strategies, such as nanotechnology-based approaches
(Raghupathi et al., 2011; Dutta et al., 2012).

Salmonella spp., Gram-negative enteric pathogens of the En-
terobacteriaceac family, remain major contributors to sea-
food-associated gastroenteritis worldwide. These microor-
ganisms are facultative anaerobes, do not form spores, and are
motile due to their peritrichous flagella; thus, they have the
capacity to survive in varying environmental conditions. Alt-
hough primarily associated with terrestrial animals, they can
also be transported into aquatic environments via sewage
waste, agricultural surface runoff, and inadequate sanitation
practices; this contaminates coastal waters and aquaculture
systems (Amagliani et al., 2012; Roy et al., 2024).

Salmonella spp. are taxonomically divided into two groups:
Salmonella enterica and Salmonella bongori. Salmonella en-
terica causes the majority of human infections. This species
is subdivided into many subspecies and includes over 2,600
serotypes (Brenner et al., 2000; Issenhuth-Jeanjean et al.,
2014). Serotypes such as S. enteritidis and S. typhimurium are
of global significance and are frequently associated with
foodborne outbreaks (Bush et al., 2024). This extensive sero-
type diversity underpins differences in host adaptation, envi-
ronmental resilience, and virulence potential.

Main Seafood Sources Key Health Outcomes
Raw oysters, shellfish Gastroenteritis
Raw shellfish Septicemia, wound infections
Fish, shellfish Gastroenteritis
Aquaculture products Diarrhoeal illness
Ready-to-eat seafood Listeriosis

Processed seafood Food intoxication

This microorganism (Salmonella spp.), which is not consid-
ered a natural member of the aquatic microbiota, can contam-
inate seafood through the mixing of untreated wastewater or
agricultural surface runoff with coastal waters (Simental &
Martinez-Urtaza, 2008). Organisms such as oysters, mussels,
and clams, which feed through filtration, can accumulate
these bacteria in their tissues, serving as biological concentra-
tors for pathogens (Zannella et al., 2017; Kijewska et al.,
2023). Therefore, especially seafood consumed raw or lightly
cooked can pose potential infection risks (Fernandes et al.,
2018).

Considering the environmental persistence of Salmonella in
the seafood supply chain and the risks to public health, the
effectiveness of current control measures is increasingly be-
ing questioned.

Understanding the pathogenic potential of Sa/monella is of
great importance in assessing health risks associated with
aquatic products:

e Gastroenteritis-Focused Infections

Pathogenic Salmonella strains carry virulence factors en-
coded within the Salmonella Pathogenicity Islands (SPI);
these factors facilitate invasion of intestinal epithelial cells
and trigger inflammatory responses (Jajere, 2019). Clini-
cal symptoms typically include diarrhea, abdominal pain,
fever, nausea, and vomiting. While most infections resolve
spontaneously, severe dehydration can develop, particu-
larly in children, the elderly, and immunocompromised in-
dividuals (WHO, 2018).

e Systemic and Invasive Infections

In some cases, bacteria can pass through the intestinal bar-
rier and reach the bloodstream, leading to sepsis and caus-
ing systemic infections that require hospitalization. Indi-
viduals with weakened immune systems or chronic ill-
nesses are at higher risk of more severe clinical outcomes
(Lamichhane et al., 2024).
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Both environmental and post-harvest factors influence the
risk of Salmonella in seafood production:

¢ Environmental Contamination and Temperature
Effects

Heavy rainfall, sewage discharges, and agricultural sur-
face runoff carry pathogens to aquaculture and shellfish
harvesting areas. Elevated sea surface temperatures pro-
mote the survival and prolonged presence of bacteria in the
environment, increasing the risk of contamination. Salmo-
nella spp. can form biofilms on sediments and surfaces of
aquaculture and seafood processing equipment; this en-
hances their resistance to disinfectants and environmental
stresses, allowing them to survive for extended periods and
facilitating cross-contamination (Liu et al., 2023).

e Post-Harvest Contamination and Temperature
Violations

Seafood carries a risk of contamination through water, sur-
faces, or equipment during harvesting, processing, or stor-
age. A break in the cold chain can lead to bacterial prolif-
eration, increasing the risk of infection (Amagliani et al.,
2012).

e Thermal Sensitivity and Survival Risk

Salmonella generally becomes inactivated under proper
cooking conditions (core temperature >70 °C); however,
the consumption of raw or undercooked seafood can lead
to the survival of infectious doses (ICMSF, 2011). Irregu-
lar heat distribution or inadequate cooking practices may
increase this risk. In addition to thermal risks, the global
seafood trade facilitates the spread of multiple drug-re-
sistant (MDR) Salmonella serotypes; these strains are in-
creasingly losing their sensitivity to critically important
antimicrobials such as fluoroquinolones and cephalospor-
ins (Odeyemi et al., 2023; Patra et al., 2021).

The risk of salmonellosis related to seafood arises from a
combination of various factors, including environmental con-
tamination, the accumulation of pathogens in filter-feeding
organisms, post-harvest cross-contamination, temperature
control errors, and the consumption of raw or undercooked
seafood (Fernandes et al., 2018).

Escherichia coli

Escherichia coli is a Gram-negative, facultative anaerobic,
rod-shaped bacterium belonging to the Enterobacteriaceae
family. Most strains of E. coli are naturally (commensally)
found in the gastrointestinal systems of humans and warm-
blooded animals. However, some pathogenic variants develop
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different virulence factors and can cause serious foodborne
illnesses. In seafood, E. coli is considered one of the primary
indicators of fecal contamination, and its presence in water
environments indicates the possible presence of many enteric
pathogens (Jang et al., 2017).

Bacteria are primarily transported into coastal and aquacul-
ture waters through untreated sewage, agricultural surface
runoff, and livestock waste (Montanhini & Montanhini Neto,
2015). An important concern for seafood safety is the role of
filter-feeding bivalves such as oysters, mussels, and clams.
These mollusks can filter large volumes of water, accumulat-
ing E. coli in their digestive tissues and gills at levels much
higher than those in the surrounding water. This situation cre-
ates a biological reservoir, posing health risks to consumers
when consumed raw or minimally processed (Zannella et al.,
2017).

Understanding the pathogenic potential of E. coli is important
for accurately assessing health risks associated with aquatic
products.

e Enteric Infections and Hemorrhagic Colitis

Enterotoxigenic E. coli (ETEC) and Enteropathogenic E.
coli (EPEC) are common causes of diarrhoeal diseases.
However, the greatest danger comes from strains of E. coli
that produce Shiga toxin, particularly the O157:H7 sero-
type (STEC). STEC strains produce virulence factors that
facilitate attachment to the intestinal mucosa and potent
cytotoxins; this can trigger inflammatory responses and
lead to hemorrhagic colitis (Croxen et al., 2013).

e Systemic and Invasive Complications

In some cases, STEC can cause systemic disorders. The
most serious complication is Hemolytic Uraemic Syn-
drome (HUS), characterized by acute kidney failure, he-
molytic anemia, and thrombocytopenia. This condition of-
ten requires hospitalization and poses a higher risk of se-
vere outcomes, particularly in children and the elderly
(Tarr et al., 2005).

In seafood production, the risk of E. coli is determined by both
environmental and post-harvest factors:

e Environmental Persistence and Biofilm Formation

It has the ability to form biofilms on various surfaces, such
as E. coli, stainless steel equipment, aquaculture nets, and
transport containers. These biofilms protect the bacteria
against sanitizers and environmental stresses, allowing
them to survive for extended periods and potentially cause

253



254

Aquatic Research 9(3), 249-276 (2026) ® https://doi.org/10.3153/AR26021

persistent cross-contamination in processing facilities
(Vogeleer et al., 2016; Liu et al., 2023).

e Post-harvest Contamination and Temperature
Breach

During the harvest or storage of seafood, contact with con-
taminated water or equipment can lead to contamination.
Interruptions in the cold chain promote rapid bacterial
growth, increasing the risk of infection. E. coli is generally
sensitive to heat and is inactivated by cooking processes
that reach a core temperature of at least 70 °C; however,
the consumption of raw or undercooked seafood can allow
infectious doses to survive (FAO & WHO, 2021a).

Beyond its role as an indicator, E. coli also serves as an im-
portant reservoir for antimicrobial resistance genes in aquatic
ecosystems. Recent assessments of catchment and river envi-
ronments have indicated that E. coli isolates can exhibit high
levels of resistance to multiple classes of antibiotics; this sit-
uation reveals that human activities and agricultural runoff are
transporting strains with multi-drug resistance (MDR) into
broader aquatic food chains (Diaz-Zaragoza et al., 2025). The
presence of these resistant strains in aquatic products raises a
critical global public health concern, as aquatic environments
act as a 'bridge' for the transfer of resistance genes from the
environment to human pathogens.

Therefore, E. coli infections related to aquatic products are
caused by environmental pollution, the accumulation of path-
ogens in aquatic organisms fed through filtration, persistence
on processing surfaces based on biofilms, and inadequate
temperature control throughout the 'farm-to-table' chain (FAO
& WHO, 2021a; Odonkor & Ampofo, 2013).

Listeria monocytogenes

Listeria monocytogenes, a Gram-positive, spore-forming, fac-
ultative anaerobic bacterium, is considered one of the most
challenging issues in the seafood industry. Compared to many
other foodborne pathogens, L. monocytogenes 1is psy-
chrotrophic and can proliferate at refrigerator temperatures (4
°C or below). Additionally, it is resistant to up to 10% NaCl
and a wide pH range, making it a highly resilient pathogen
capable of surviving in complex food processing environ-
ments such as soil and water (Meretra & Langsrud, 2004; Fer-
reira et al., 2016).

L. monocytogenes, due to its high physiological resilience,
stands out as a 'specialized' risk in the seafood industry. Alt-
hough less frequently encountered, hospitalizations and
deaths continue at significant levels (Scallan et al., 2011;
EFSA & ECDC, 2024). This pathogen is generally contami-
nated during post-harvest processing, through human contact,
processing areas, packaging, and cold chain errors (Lianou &
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Sofos, 2007). The biggest issue is the bacteria's ability to sur-
vive and even multiply under refrigeration conditions; this
poses a continuous threat to chilled and ready-to-eat (RTE)
seafood products (Huss et al., 2000; Walker et al., 1990). It is
particularly problematic in the vacuum-packed smoked prod-
uct sector (Ozden, 2023).

The presence of L. monocytogenes in seafood products is gen-
erally not due to the natural environment of the raw material
but mostly related to post-harvest contamination in processing
facilities. The bacteria can form strong biofilms in hard-to-
clean areas such as drains in the floor, slicing machines, and
ice-making units. These biofilms protect the pathogen from
routine sanitation and disinfectants; this results in some "per-
sistent' strains being present in the facility for years and caus-
ing continuous cross-contamination in the products (Vaz-
quez-Boland et al., 2001).

The natural resistance of these biofilms to conventional chem-
ical sanitizers necessitates the investigation of new antimicro-
bial agents, such as zinc oxide nanoparticles that can penetrate
the extracellular matrix of the biofilm (Abebe, 2020). There-
fore, the risks of listeriosis related to seafood are associated
with the psychrotrophic nature of the pathogen, its persistence
in facilities via biofilms, and the sensitivity of minimally pro-
cessed RTE products without terminal listericidal treatment
(Meretrg & Langsrud, 2004; Radoshevich & Cossart, 2018).

Understanding the pathogenic potential of L. monocytogenes
is particularly important due to the disproportionately high
mortality rate of listeriosis:

o High-Risk Groups

Although it can cause mild gastroenteritis in healthy indi-
viduals, in the “YOPI” groups (young, old, pregnant, and
immunocompromised), it can develop into life-threatening
conditions such as meningitis and sepsis (EFSA, 2024).

¢ Risks During Pregnancy

One of the unique and destructive aspects of this pathogen
is its ability to cross the placental barrier. This can lead to
miscarriage, stillbirth, or severe neonatal infections
(Véazquez-Boland et al., 2001).

In the seafood sector, especially for RTE products such as
cold-smoked salmon, gravadlax, and cooked shellfish prod-
ucts, the risk is relatively high. These products are generally
vacuum-packed and sold or consumed without a final cooking
step that would 'kill' any pathogens. This condition can lead
to the slow growth of L. monocytogenes and reaching infec-
tious doses, even if there is no temperature breach, provided
they are stored in the refrigerator for an extended period; ad-
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ditionally, the reduction in microbial competition in pro-
cessed products facilitates the uncontrolled proliferation of
the pathogen. Furthermore, because the sensitivity of L. mon-
ocytogenes strains to high-pressure processing or chemical
disinfectants varies significantly, standardizing safety
measures becomes more challenging (Ferreira et al., 2016).

Staphylococcus aureus

Staphylococcus aureus is a Gram-positive, spore-forming,
cocci-shaped bacterium belonging to the family Staphylococ-
caceae. It is facultatively anaerobic and typically found in
clusters resembling grape bunches, distinguished by its pro-
duction of catalase and coagulase enzymes. S. aureus is one
of the regular members of the microbiota on human skin and
mucosal surfaces (e.g., nasal passages). However, it is also an
important opportunistic pathogen in the food industry. Its
most significant threat to food safety is its ability to produce
numerous heat-resistant enterotoxins (SE), which can lead to
staphylococcal food poisoning (SFP) (Kadariya et al., 2014;
Argudin et al., 2010).

The presence of S. aureus in seafood generally indicates in-
adequate hygiene and post-harvest cross-contamination. This
bacterium is not naturally found in marine environments; it is
usually contaminated through infected carrier personnel, dirty
surfaces, or contaminated water used during freezing and
washing. In seafood production, products with intensive han-
dling, such as peeled prawns, crab meat, and filleted fish, are
at the highest risk (de Souza et al., 2014).

Understanding the non-pathogenic potential of S. aureus is
very important, especially in terms of its toxicological char-
acteristics:

e Heat-Resistant Enterotoxins

The most significant problem is that, after S. aureus pro-
liferates in seafood and produces enterotoxins, these toxins
can remain stable and biologically active even after cook-
ing or thermal processing (for example, a few minutes at
100 °C core temperature). Therefore, even if the bacteria
are inactivated, pre-formed toxins can pose a health risk
(Hennekinne et al., 2012).

e C(linic Table

Staphylococcal food poisoning usually occurs 1-6 hours
after ingestion and manifests with severe nausea, projectile
vomiting, abdominal cramps, and diarrhea. Although it of-
ten resolves spontaneously, it can cause severe weakness
and dehydration in sensitive individuals.

Another characteristic that increases the risk of S. aureus is
high osmotic tolerance; this allows it to survive and prolifer-
ate even in salty or cured seafood, where other bacteria are
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suppressed. Additionally, its ability to form dense biofilms on
common processing materials such as stainless steel and plas-
tic complicates sanitization and leads to persistent recontami-
nation sources along processing lines (Gutiérrez et al., 2012;
Liu et al., 2023). Another concern is the detection of methi-
cillin-resistant S. aureus (MRSA) in processed seafood; this
indicates that these products may serve as carriers for the
spread of highly resistant strains within the community
(Sergelidis & Angelidis, 2017). In conclusion, the risk of S.
aureus infection associated with seafood is linked to inade-
quate personnel hygiene, persistent biofilm formation on
equipment, and the production of potent enterotoxins capable
of surviving the final stages of processing (Kadariya et al.,
2014).

For the effective management of seafood safety, it is im-
portant to distinguish the contamination pathways created by
these microorganisms. Vibrio species, which are native mi-
croorganisms of marine and estuarine habitats, differ from
pathogens such as Salmonella spp. and E. coli, which are in-
troduced into the system through environmental pollution and
fecal contamination (Feldhusen, 2000). On the other hand,
contamination by L. monocytogenes and S. aureus is fre-
quently associated with post-processing contamination, inad-
equate hygiene practices, and human handling during seafood
processing. This multidimensional contamination structure
demonstrates why traditional thermal and chemical treat-
ments are often insufficient (Meretrg & Langsrud, 2004; Fer-
reira et al., 2014). These limitations highlight the need for in-
novative, effective, and sustainable alternatives, such as metal
oxide nanoparticles, to control pathogens associated with sea-
food throughout the supply chain (Bondarenko et al., 2013;
Qi & Liu, 2026).

Limitations of Traditional Control Strategies in
Seafood Safety

Despite the implementation of solid food safety management
systems (such as HACCP, ISO 22000, etc.), outbreaks related
to aquatic products continue worldwide. Traditional inspec-
tion approaches are increasingly encountering limitations due
to their negative impacts on product quality, environmental
sustainability issues, and the development of microbial re-
sistance.

Physical and Thermal Processes: The Balance of Quality
and Safety

Heat treatment remains the most commonly used method for
eliminating pathogens; however, aquatic products are suscep-
tible to heat. Excessive heat processing can lead to the degra-
dation of delicate nutrients such as omega-3 polyunsaturated
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fatty acids (PUFAs) and undesirable changes in tissue and fla-
vor (Olatunde & Benjakul, 2018), while cold chain applica-
tions are insufficient against psychrotrophic pathogens like L.
monocytogenes. Since this microorganism can proliferate at
refrigeration temperatures (around 0—4 °C), cooling methods
alone are not reliable enough to protect long shelf-life prod-
ucts (Chan & Wiedmann, 2009).

Chemical Preservatives: Toxicity and Consumer
Perception

The use of synthetic chemical preservatives is increasingly
being questioned due to potential health risks and the growing
demand for additive-free, minimally processed 'clean label'
products (Asioli et al., 2017). The long-term health effects of
traditional preservatives such as nitrites and benzoates have
been a subject of debate; therefore, the industry is turning to-
wards natural or nanotechnology-based alternatives that can
ensure safety without compromising the 'maturalness' of the
products (Olatunde & Benjakul, 2018; Khan et al., 2015).

Misuse of Antibiotics and the Rise of Antimicrobial
Resistance (AMR)

The use of antibiotics for prophylactic and therapeutic pur-
poses in aquaculture has accelerated the emergence of multi-
drug-resistant (MDR) strains. The detection of ESBL-
producing E. coli and methicillin-resistant S. aureus (MRSA)
in seafood processing environments indicates that traditional
antimicrobial agents are losing their effectiveness (Odeyemi
et al., 2023; Sergelidis & Angelidis, 2017). The increasing
prevalence of antimicrobial resistance has significantly re-
duced the effectiveness of conventional antimicrobial inter-
ventions, highlighting the need for alternative strategies such
as metal oxide nanoparticles with multi-targeted mechanisms
that circumvent bacterial resistance pathways. However, as
the integration of these nanomaterials into food systems ex-
pands, new challenges such as complex microbial adaptation
mechanisms and environmental impacts must also be ad-
dressed (Ngoepe et al., 2025).

Biofilm Durability and Insufficiency of Sanitizers

Standard industrial sanitizers generally cannot penetrate the
extracellular polymeric substance (EPS) matrix of bacterial
biofilms. Bacteria within the biofilm may exhibit higher re-
sistance to disinfectants compared to their planktonic forms
(Galié et al., 2018). Persistent strains of L. monocytogenes and
S. aureus in processing facilities can lead to recurrent cross-
contamination, significantly limiting the effectiveness of con-
ventional cleaning protocols (Meretre & Langsrud, 2004).
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Nanotechnology in Food Safety: A New Horizon

Nanotechnology has emerged as a promising strategy for ad-
dressing persistent challenges in food safety, particularly mi-
crobial contamination and antimicrobial resistance. (Pokhrel
et al., 2025). Nanotechnology has emerged as a promising ap-
proach for addressing these challenges due to the unique
physicochemical properties exhibited by materials at the na-
noscale. Nanomaterials possess a high surface area-to-volume
ratio, enhanced surface reactivity, and tunable functional
characteristics, enabling more efficient interactions with mi-
crobial cells and food matrices than conventional materials.
These properties have facilitated the development of ad-
vanced antimicrobial systems with applications across the
food supply chain (Girma, 2024; Pokhrel et al., 2025).

As illustrated in Figure 1, nanotechnology has found numer-
ous applications in the food industry, particularly in active
packaging systems, nanosensors, and functional food devel-
opment. Active packaging technologies incorporate func-
tional nanomaterials that can inhibit microbial growth, reduce
oxidative deterioration, and maintain food quality during stor-
age. Such systems have shown considerable potential for con-
trolling foodborne pathogens and extending the shelf life of
perishable products, including seafood, meat, dairy products,
fruits, and vegetables (Qi & Liu, 2026).

Among the various nanomaterials investigated for food appli-
cations, metal and metal oxide nanoparticles have attracted
particular attention because of their remarkable antimicrobial
activity, physicochemical stability, and versatility. These na-
nomaterials can inhibit a broad range of foodborne pathogens
through multiple mechanisms, including membrane disrup-
tion, reactive oxygen species generation, metal ion release,
and interference with essential cellular functions. Conse-
quently, metal oxide nanoparticles have emerged as one of the
most promising nanotechnology-based strategies for improv-
ing food safety and controlling microbial contamination in
food systems (Girma, 2024).

Recent advances in nanotechnology have enabled the devel-
opment of a wide range of antimicrobial, packaging, coating,
and sensing applications for food preservation. Various nano-
materials, including metal and metal oxide nanoparticles, na-
nochitosan systems, enzyme-based nanostructures, and na-
nosensors, have been successfully applied to improve micro-
bial safety, extend shelf life, and monitor spoilage in different
food matrices. Table 2 summarises representative studies
demonstrating the practical applications of nanotechnology in
food preservation, packaging systems, postharvest treatments,
and seafood safety monitoring.
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Table 2. Applications of nanotechnology in food preservation and safety

P Target
Food Matrix Nanoparticle Type Application Microorganism / Main Findings Reference
Method ]
Biomarker
Orange iuice Ao-7n0 nanocomposite aleigvi?l Lactobacillus Improved microbial Emamifar et al.
geJ & P P fil ri & plantarum stability 2010
. Chitosan nanoparticles . . . . Better preservation than Ramezani &
Silver carp (CS-NPs) Edible coating  Spoilage bacteria chitosan Raminnejad, 2015
Silver nanoparticles Active . . Tavakoli et al.,
Nuts (AgNPs) packaging Storage microbes Increased shelf life 2017
Zn0 nanoparticle-enriched . Pseudomonas, Synergistic Shahbazi & Shavisi,
Trout fillets  chitosan coating containing Edible coating . .
. LS Shewanella antimicrobial effect 2018
Mentha spicata essential oil
. Chltosanfsﬂ\./er Direct E. coli, Exteqded r efrlg.e ra}ted Badawy et al.,
Minced meat nanocomposite incorporation S Tophimurium shelf life via antimicro- 2019
(CS—AgNPs) P AP bial activity
Nanoparticle Sustainable
Crab shell Hydroxyapatite production Not a food . Bhattacharjee et al.,
. o nanoparticle
waste nanoparticles (HApNPs) from seafood application . 2019
production
waste
Chitosan nanoparticle . . .
Huso huso coating containing fennel  Edible coating FISh. spoilage Extended shelf life Maghami et al.,
fish Ss microbes 2019
essential oil
Zn0O Active
Chicken meat nanoparticle-reinforced ackagin Spoilage bacteria Enhanced antimicrobial Mohammadi et al.,
CMC—okra packaging poriage bacte properties 2019
. film
mucilage film
. Zinc oxide nanoparticles Active pack- . . . Ahmadi et al.,
Chicken fillet (ZnONPs) aging Spoilage bacteria Improved shelf life 2020
LDPE pack- . SllYer ACth.e . Improved antimicrobial Brito et al.,
aging film nanoparticle-incorporated packaging Bacteria (general) packaging performance 2020
g LDPE film film
. Active
Gold nanoparticle- . . . — Chowdhury et al.,
Banana incorporated PVA film pacfl;larilng Spoilage microbes Delayed ripening 2020
Protein-based  Nanostructured spoilage Chemical Amine/volatile Real-time spoilage Liuet al.,
foods sensor sensing markers detection system 2020
Mackerel fish SnO: nanowire sensor Gas sensing Volatile spoilage Real-time spoﬂage Tonezzer,
compounds detection 2020
Shrim Zinc oxide nanoparticles Postharvest Shrimp spoilage Maintained quality and Alsaggaf et al.,
P (ZnONPs) coating bacteria microbial stability 2021
Packaging Chitosan-TiO>—Ag Antlmlcrgblal . Synergistic antibacterial Dong et al.,
. packaging E. coli, S. aureus
film nanocomposite Flm effect 2021
Catfish Chitosan ngnopartlcle Edible coating Spoilage bacteria Extended shelf life Karsli, ctal,
coating 2021
SllV.Cr nanopar.tlcle—based Active pack- . Strong antimicrobial Shankar et al.,
Strawberry active packaging system . Botrytis cinerea
Iy N aging synergy 2021
containing essential oils
. ZnO nanoparticle—enzyme Postharvest . . Improved preservation Batool et al.,
Peach fruit composite coating coating Spoilage microbes and shelf life 2022
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Meat spoilage Strong antimicrobial Roy et al.,
bacteria effect 2022
Spoilace bacteria Improved barriers and Coneo et al.,

poriag antimicrobial properties 2023
. . Improved freshness Kizilkaya & Kaya,
Spoilage bacteria retention 5023
Increased Suyatma et al
E. coli, S. aureus hydrophobicity and Y ?
7 . . 2023
antimicrobial efficiency
Enhanced

Spoilage bacteria

antimicrobial and
barrier performance

Extended shelf life via

Syarifa et al.,
2023

Yasmeen et al.,

Cu-doped ZnO Active
Pork meat nanocomposite film packaging
containing essential oil film
. ZnO Biodegradable
Packaging . . .
film nanoparticle-reinforced packaging
chitosan/PVA film film
TiO2 nanoparticle-enriched
Trout fillets  chitosan coating containing Edible coating
rosmarinic acid
Packaging Chitosan—ZnO-stearic acid ACth.e
. packaging
film nanocomposite
film
Packaging Zinc oxide nanoparticles ;X;Wien
film (ZnONPs) packaging
film
ZnO
Bread nanoparticle-incorporated Edible film
edible film
Silver Packagin
Mushroom nanoparticle-reinforced fil rﬁ &

yam mucilage film

Metal Oxide Nanoparticles and the Advantage of ZnO

Nanotechnology has emerged as a promising approach for im-
proving the quality, safety, and shelf life of aquatic food prod-
ucts. Various nanotechnology-based strategies have been in-
vestigated in seafood processing, including nanoencapsula-
tion systems for the controlled release of bioactive com-
pounds, nanoemulsions for enhancing the stability and effi-
cacy of natural antimicrobials, nanosensors for monitoring
freshness and spoilage indicators, and nanoparticle-based
coatings and packaging materials designed to reduce micro-
bial contamination and quality deterioration (Alak et al.,
2023). Among these applications, metal oxide nanoparticles
have attracted particular attention due to their remarkable an-
timicrobial properties, physicochemical stability, and compat-
ibility with food packaging systems.

Metal oxide nanoparticles such as Silver (Ag), Titanium Di-
oxide (Ti0O:), and Zinc Oxide (ZnO) are attracting increasing
interest among different nanomaterials. Silver nanoparticles
exhibit strong antimicrobial properties, but their large-scale
food applications are limited due to high costs and potential
systemic toxicity (Mohammed et al., 2021). Additionally, Ti-
tanium Dioxide requires ultraviolet (UV) light to achieve the
highest antimicrobial efficacy, which may not always be fea-
sible under storage conditions for aquatic products.

Fungal spoilage antifungal effect 2023
Spoilage microbes Extended shelf life Ch;rz);g al.,

In contrast, Zinc Oxide (ZnO) nanoparticles offer many nota-
ble advantages:

e GRAS Status

Zinc oxide is listed as 'Generally Recognized as Safe'
(GRAS) by the FDA, and due to this property, it is consid-
ered more suitable for food contact applications compared
to other metal oxides (Espitia et al., 2012).

e Wide Spectrum Activity

It plays an effective inhibitory role against both Gram-pos-
itive and Gram-negative pathogens through various mech-
anisms such as the production of reactive oxygen species
(ROS) and the disruption of cell membranes (Sirelkhatim
etal., 2015).

¢ Nutrients and Stability Factors

Zinc is an essential trace element required for numerous
biological functions, and ZnO nanoparticles exhibit high
physicochemical stability under challenging food-pro-
cessing conditions, including elevated temperatures and
extreme pH environments (Youn & Choi, 2022; Zhou et
al., 2023)
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Figure 1. Nanotechnology in food systems: active packaging, nanosensors, and functional foods

Physical and Chemical Properties of ZnO Nanoparticles

The antibacterial activity of Zinc Oxide Nanoparticles (ZnO
NPs) depends not only on their chemical composition but also
on their physico-chemical properties. Characteristics such as
size, surface structure, and crystal integrity are fundamental
determinants at the nano-bio interface. The transition of zinc
oxide from being present in bulk form to existing at the na-
noscale signifies a profound change in its biological reactiv-
ity; particle size is a critical factor in antimicrobial efficacy
(Yamamoto, 2001). As particles become smaller, surface en-
ergy and reactivity increase, facilitating more effective dis-
ruption of bacterial cell membranes. Particularly, the antibac-
terial activity of ZnO nanoparticles is strongly size-depend-
ent, with smaller particles exhibiting enhanced interactions
with bacterial membranes due to their larger specific surface
area. These nanoparticles can disrupt membrane integrity, in-
crease cellular permeability, and in some cases become inter-
nalized into bacterial cells, where they promote reactive oxy-
gen species (ROS) generation and oxidative damage to intra-
cellular components (Raghupathi et al., 2011; Sirelkhatim et
al., 2015).

The fundamental basis of the strong antimicrobial effect of
ZnO nanoparticles (NPs) lies in the exponential increase in

surface area-to-volume ratio as the size decreases. The in-
creased surface area enhances nanoparticle-water interac-
tions, thereby accelerating Zn?" ion dissolution and bioavaila-
bility (Pasquet et al., 2014).

This extensive surface area provides an active catalytic zone
for the production of Reactive Oxygen Species (ROS), such
as superoxide (*O:") and hydroxyl (*OH) radicals. These ROS
cause oxidative stress that surpasses bacterial defense sys-
tems, leading to lipid peroxidation, protein damage, and irre-
versible DNA damage (Sirelkhatim et al., 2015; da Silva et
al., 2019). When the levels of reactive species exceed the
cell’s antioxidant capacity, toxic effects are observed on cel-
lular structures, particularly through the oxidative degradation
of membrane polyunsaturated fatty acids, resulting in lipid pe-
roxidation, loss of membrane integrity, increased permeabil-
ity, protein oxidation, and genetic material damage, ulti-
mately leading to bacterial cell death (Applerot et al., 2009)
(Figure 2) (Table 3).

Studies on various metal and metal oxide nanoparticles, such
as Ag, Cu, ZnO, and TiOs, in the literature confirm their cy-
totoxic and genotoxic potentials (Halict et al., 2021). Particle
size plays a critical role in these effects; notably, silver (Ag)
nanoparticles below 20 nm have been reported to exhibit
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higher cytotoxicity compared to larger particles. Additionally,
nanoparticles like TiO2 have been observed to weaken antiox-
idant defense in eukaryotic cells, triggering cellular death pro-
cesses such as regional inflammation, mitochondrial damage,
autophagy, and ultimately apoptosis or necrosis (Halici et al.,
2021; Rodriguez-Garraus et al., 2020)

Intrinsic defects in the crystal structure of ZnO, such as regu-
lar lattice and oxygen vacancies, as well as interstitial zinc re-
gions, play an important role in the toxicity of these nano-
materials and are often overlooked. ZnO nanoparticles, which
are typically in the hexagonal wurtzite form, possess surface
defects that provide reactive regions for the formation of elec-
tron—hole pairs. These regions can promote the production of

-+
Structural u —\':J +

deformation

]

ROS generation

.........

QW;?\\{'Q QW‘;}? Lipid peroxidation
S5 |13k (Membrane damage)
S 5 b
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hydrogen peroxide (H20:) without the need for light, thereby
increasing the toxicity of the nanoparticles under different en-
vironmental conditions (Lakshmi Prasanna & Vijayara-
ghavan, 2015).

Hussien et al.'s (2025) study demonstrates that the use of
plant-derived phytochemicals in the green synthesis process
not only stabilizes nanoparticles against early agglomeration
but also directs crystal growth to expose the most reactive sur-
faces. This controlled crystal structure enhances biostability
in complex liquid environments and maximizes interactions
with negatively charged bacterial components such as lipo-
polysaccharides and teichoic acids.

Membrane rupture
and leakage

Enzymatic blockage

Zn?* or ZnO NP binds to
enzyme active site

-------------

(Genetic material
Protein oxidation destruction)

(Protein dysfunction)

Figure 2. Schematic representation of the antibacterial mechanisms of ZnO NPs

Table 3. Summary of ZnO NP molecular targets and effects

Mechanism
Oxidative Stress

Molecular Target
DNA, Phospholipids

Genotoxicity, Lipid Peroxidation Sirelkhatim et al. (2015)

Primary Outcome Reference (Examples)

Membrane Damage Cell Wall, LPS

Permeability Increase, Lysis

Hussien et al. (2025)

Protein Inhibition  Thiol-containing Enzymes

Metabolic Blockage He et al. (2011)

Metal Imbalance

Ion Transporters

Nutritional Starvation

Hussien et al. (2025)




Review Article

Aquatic Research 9(3), 249-276 (2026) ® https://doi.org/10.3153/AR26021

Sense—Feature Relationship: The Role of Green Chemistry

The relationship between synthesis methods and biological
activity is expressed through the concept of the Synthesis—
Property Relationship. Green synthesis approaches directly
influence the physico-chemical properties of ZnO nanoparti-
cles by using natural reducing and capping agents, thus
providing a significant improvement over the traditional
chemical method. Metabolites such as polyphenols, flavo-
noids, and terpenoids obtained from plant extracts act as bio-
logical templates that limit grain growth, thereby supporting
the formation of smaller, more homogeneous particles with
higher surface reactivity (Jadoun et al., 2021). (Figure 3)

These biogenic coatings can contribute to improved biocom-
patibility and may enhance the interaction of ZnO nanoparti-
cles with bacterial cell surfaces. The controlled particle size
achieved through green synthesis, together with increased
surface area and structural features, contributes to the multi-
functional antibacterial potential of ZnO nanoparticles in bio-
medical applications (Mirzaei & Darroudi, 2017).

& Phenol OH

. i Zn*'+PlantMetabolites+OH™>ZnONPs
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COH
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Antibacterial Mechanisms of ZnO Nanoparticles:
A Synergistic Perspective

The antibacterial activity of Zinc Oxide Nanoparticles (ZnO
NPs) arises from a complex interaction involving physical in-
teractions between the nanoparticle and the cell, as well as the
biochemical toxicity of Zn?" ions. Compared to traditional an-
tibiotics, ZnO NPs utilize a versatile mechanism, and this ac-
tivity is significantly enhanced, mainly when produced using
biogenic (green) synthesis methods (Hussien et al., 2025).

Hussien and colleagues (2025) reported that reactive oxygen
species (ROS) generated by ZnO nanoparticles can induce an
oxidative stress response that overwhelms bacterial antioxi-
dant defense systems. In addition, hydroxyl radicals (*OH), as
previously described by Raghupathi et al. (2011), can damage
bacterial DNA by attacking phosphodiester bonds, leading to
genomic fragmentation and cell death.

Absorbance (Arb, Units)

4000 3500 3000 2500 2000 1500 1000
Wavelength (em™)

s00

Figure 3. Schematic diagram of green synthesis of nanoparticles
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Membrane Rupture and Physical Damage

Electrostatic forces largely guide the interaction of ZnO na-
noparticles with bacterial cell membranes. In Gram-positive
bacteria, the surfaces are generally negatively charged due to
teichoic acids, while in Gram-negative bacteria, lipopolysac-
charides are responsible for the negative charge (Hajipour et
al., 2012).

e FElectrostatic attraction

Positively charged ZnO nanoparticles or surface-bound
Zn** ions bind to the cell wall, triggering local membrane
depolarization (Sirelkhatim et al., 2015).

e Structural deformation

This attachment causes the formation of pits and abrasions
on the cell surface. Hussien and colleagues (2025) demon-
strated that green-synthesized ZnO nanoparticles effec-
tively disrupt the phospholipid bilayer, leading to the leak-
age of vital intracellular components such as proteins and
potassium ions; ultimately resulting in cell lysis.

Protein Dysfunction and Enzymatic Inhibition

In addition to physical damage, the Zn?* ions continuously re-
leased from the nanoparticle surface act as an effective chem-
ical toxic agent.

e Transmetallation

Zn** ions exhibit a high affinity for thiol (-SH) groups in
enzymes. In this process, Zn?" replaces the vital metal co-
factors in the active sites of metabolic enzymes, and this is
called transmetallation (He et al., 2011).

¢ Enzymatic blockage

This mechanism disrupts essential metabolic pathways, in-
cluding the tricarboxylic acid (TCA) cycle and oxidative
phosphorylation, leading to impaired ATP synthesis and
reduced bacterial viability (Lemire et al., 2013; Imlay,
2013).

Disruption of Metal Homeostasis and Nutrient
Competition

ZnO nanoparticles significantly weaken bacterial viability by
disrupting cellular metal transport. Due to chemical similari-
ties, Zn** ions compete with essential transition metals such
as manganese (Mn?") and iron (Fe**). This triggers a state of
'metabolic starvation', depriving bacteria of ions necessary for
DNA polymerase activity and other vital biological processes
(Hussien et al., 2025).
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Green Synthesis of Zinc Oxide Nanoparticles

The concept of 'Green Chemistry' first emerged in the early
1990s. The initial books, articles, and symposiums were pub-
lished during this period. Particularly, the work titled "Theory
and Practice' by Paul Anastas and John Warner, published in
1998, is defined by twelve fundamental principles aimed at
reducing environmental impacts (Anastas & Kirchhoff,
2002). The principles of green chemistry have subsequently
been adopted in nanoparticle production to address concerns
associated with conventional synthesis methods. In addition
to minimizing hazardous waste and toxic reagents, green nan-
otechnology emphasizes the use of renewable biological re-
sources, safer reaction conditions, and environmentally be-
nign production processes. Plant-derived metabolites, micro-
organisms, and biopolymers have therefore been increasingly
explored as sustainable alternatives for nanoparticle synthe-
sis. These approaches are considered consistent with the
broader objectives of green chemistry, including pollution
prevention, resource efficiency, and the development of safer
materials throughout their life cycle (Ciftci et al., 2021).

Accordingly, the concept of green synthesis emerged as an
environmentally friendly alternative to conventional nanopar-
ticle production, with the aims of reducing toxic solvent con-
sumption, preventing hazardous waste generation, and im-
proving energy efficiency. In the field of nanotechnology, this
term refers to the use of biological systems such as plant ex-
tracts, fungi, or bacteria as "nano-factories" instead of tradi-
tional physicochemical methods, which often require high
pressure, elevated temperatures, and strong reducing agents
such as sodium borohydride. The primary objective of this ap-
proach is not only to establish a more environmentally sus-
tainable production process but also to minimize the use of
hazardous chemicals and reduce the potential environmental
and health risks associated with conventional nanoparticle
synthesis methods (Ahmed et al., 2016; Marslin et al., 2018).

The green synthesis mechanism is a bottom-up process in
which plant extracts play a central role due to their rich phy-
tochemical content. Bioactive compounds such as phenols,
flavonoids, terpenoids, and alkaloids in the extracts act as
both reducing agents and capping agents during synthesis.
They function as 'reducing agents' by reducing zinc precursors
(for example, zinc acetate or zinc nitrate) at the atomic level,
while simultaneously serving as 'capping agents' by surround-
ing the formed nuclei with a protective layer (Marslin et al.,
2018; Agarwal et al., 2017). It is particularly known that hy-
droxyl groups in flavonoids can trigger nanostructure for-
mation through electron transfer to metal ions; the capping
effect prevents uncontrolled particle agglomeration by creat-
ing steric hindrance. The capping effect prevents excessive
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particle agglomeration through steric stabilization, helping to
preserve the high surface area-to-volume ratio of ZnO nano-
particles. This structural characteristic enhances their interac-
tion with microbial cells and contributes to improved antimi-
crobial efficacy (Agarwal et al., 2017; Albert & Gonsago,
2023).

Compared with conventional chemical synthesis routes, green
synthesis offers several advantages, particularly in terms of
improved biocompatibility and reduced reliance on hazardous
chemicals. The limited use of toxic reagents may decrease the
likelihood of residual contaminants associated with chemi-
cally synthesized nanoparticles, while phytochemical coat-
ings derived from plant extracts can contribute to enhanced
nanoparticle stability and biological compatibility (Espitia et
al., 2012; Gunalan et al., 2012). In addition, green synthesis
often operates under relatively mild reaction conditions,
which may reduce energy consumption compared with some
conventional methods. The utilization of agricultural by-prod-
ucts, including leaves, seeds, and other plant-derived materi-
als, further supports resource valorization and sustainable
production practices (Anbuvannan et al., 2015). Collectively,
these characteristics highlight the potential of green-synthe-
sized ZnO nanoparticles as a sustainable alternative to con-
ventional synthesis methods for applications in aquatic food
safety. However, despite these advantages, green-synthesized
ZnO nanoparticles may present certain challenges, including
variability in nanoparticle characteristics, limitations in large-
scale production, and concerns regarding long-term stability
and reproducibility, which remain important considerations
for industrial applications (Salem & Fouda, 2021).

In light of these advantages and the increasing research inter-
est in biologically synthesized nanomaterials, numerous stud-
ies published since 2020 have investigated the antibacterial
potential of green-synthesized ZnO nanoparticles using dif-
ferent biological sources. To better understand the diversity
of biological sources and antibacterial mechanisms reported
in the literature, a comparative summary of recent studies is
presented in Table 4, including the biological sources used,
zinc precursors, tested bacterial strains, and proposed antibac-
terial mechanisms.

Safety, Toxicity, and Regulatory Considerations
of ZnO Nanoparticles

Growing interest in zinc oxide nanoparticles (ZnO NPs) for
seafood preservation, active packaging, and antimicrobial
coatings is mainly due to their wide-ranging antimicrobial
properties and compatibility with various food-contact mate-
rials. However, safety concerns have arisen with human ex-

posure. Although conventional zinc oxide has been consid-
ered safe for certain food uses, its nanoscale form may behave
differently from its bulk counterpart, and this behavior cannot
be assumed to be the same. This distinction mainly stems
from the unique traits nanoparticles develop at the nanoscale.
They have a much larger surface area relative to their mass,
enabling different interactions with biological systems com-
pared to larger particles. Their tiny size can help them pass
through cellular membranes and barriers, possibly changing
how they are absorbed, distributed, and processed in the body
(Handy & Shaw, 2007).

Over the last decade, research has indicated that prolonged
exposure to certain metal and metal oxide nanomaterials may
induce oxidative stress, inflammation, and cellular damage
(Nel et al., 2006). However, our understanding of the long-
term impacts of dietary nanoparticle exposure remains lim-
ited. In particular, the interactions between ZnO nanoparticles
and the gastrointestinal microbiota, as well as their potential
metabolic effects, are not fully understood (He & Hwang,
2016). These knowledge gaps have prompted regulatory
agencies and researchers to approach nanomaterials in food
cautiously.

Another issue concerns whether traditional risk assessment
methods suit nanomaterials. Standard toxicological tools were
mainly created for dissolved chemicals and might not fully
address the behavior of particulate substances. Characteristics
like particle size, shape, surface charge, aggregation, and dis-
solution can affect biological responses and lead to variability
across studies (Hulla et al., 2015; Bajpai et al., 2018). Walker
and Bucher (2009) note that nanotoxicity evaluation differs
from conventional toxicology in key ways, such as new expo-
sure routes, changed toxicokinetics, unexpected biological ef-
fects, and the inadequacy of mass-based dose metrics. Conse-
quently, factors such as particle number and surface area are
increasingly considered alongside traditional mass-based con-
centration measurements (Walker & Bucher, 2009)

GRAS Status and Safety Assessment of Nano-ZnO

The U.S. Food and Drug Administration (FDA) has approved
zinc oxide for certain food and feed applications within regu-
lated limits; however, this approval primarily applies to bulk
ZnO and does not imply safety for its nanoscale forms. Reg-
ulatory authorities emphasize that reducing particle size can
significantly alter physicochemical and biological properties.
Compared with conventional ZnO, nanoparticles exhibit
higher surface reactivity and may show altered absorption,
distribution, and elimination profiles, which can influence
their toxicological behavior. Therefore, nano-ZnO requires
independent safety evaluation rather than extrapolation from
bulk ZnO data (EFSA, 2018; Espitia et al., 2012).
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Table 4. Representative studies on green-synthesized ZnO nanoparticles, their biological sources, target microorganisms, and

Zn Precursor

proposed antibacterial mechanisms

Tested Bacteria

Reference

Biological Source
Citrus sinensis
(orange)
peel extract

Zinc acetate
dihydrate

Escherichia colli,
Staphylococcus aureus

Proposed Mechanism

ROS generation, membrane
damage, Zn** release

Doan Thi et al.

2020

Punica granatum
(pomegranate)
leaf and flower extracts

Zinc nitrate
hexahydrate

Staphylococcus aureus,
Bacillus cereus,
Pseudomonas aeruginosa,
Klebsiella pneumoniae,
Streptococcus pneumoniae,
Salmonella typhi,
Salmonella diarizonae,
Enterococcus faecalis,
Enterococcus faecium,
Escherichia coli,
Moraxella catarrhalis,
Aeromonas hydrophila,
Listeria monocytogenes

ROS generation, membrane
disruption, Zn?" ion interac-
tion, oxidative stress

Ifeanyichukwu et

al. 2020

Ailanthus altissima
fruit extract

Zinc nitrate
hexahydrate

Escherichia coli,
Staphylococcus aureus

A ROS-mediated mechanism
has been proposed/reported

Awwad et al.
2020

Phoenix roebelenii
leaf extract

Zinc acetate
dihydrate

Staphylococcus aureus,
Streptococcus pneumoniae,
Escherichia coli,
Salmonella typhi

ROS generation under
UV/light irradiation, oxidative
stress induction, membrane
disruption, Zn** ion release,
and photocatalytic
electron—hole pair formation

Aldeen et al.
2022

Pelargonium odoratissimum
leaf extract

Zinc acetate
dihydrate

Staphylococcus aureus,
Pseudomonas aeruginosa,
Escherichia coli,
Bacillus cereus

ROS generation, membrane
disruption, oxidative stress,
Zn?* ion interaction

Abdelbaky et al.

2022

Halimeda opuntia
(green macroalg)

Zinc acetate

Vibrio harveyi

High surface area-mediated
adsorption, surface hydroxyl
interactions, ROS-associated

cellular interaction, and ion ex-

change processes

Anand et al.
2022

Solanum Lycopersicum
fruit juice

Zinc nitrate
hexahydrate

Escherichia coli,
Staphylococcus aureus,
WI-38 fibroblast cells,
HePG?2 liver cancer cells

ROS generation, oxidative
stress induction, membrane
disruption, Zn** ion release,
and UV absorption/scattering
due to the nanoscale ZnO
structure

Elbrolesy et al.

2023

Cymbopogon citratus
(lemongrass) leaf extract

Zinc nitrate
hexahydrate

Escherichia coli,
Staphylococcus aureus

ROS generation, Zn?" ion
release, membrane disruption,
protein/DNA damage;
interaction with bacterial
enzymes (e.g., DNA gyrase
docking evidence)

Mohammed et

al. 2023

Euterpe oleracea
(Brazilian Amazon acai)
berry seed residue extract

Zinc nitrate
hexahydrate

Escherichia coli,
Staphylococcus aureus,
Listeria monocytogenes,
Salmonella enterica,
cancer cell models,
antioxidant systems

ROS-mediated oxidative
stress, Zn?" ion release, mem-
brane disruption, mitochon-
drial dysfunction, and phyto-
chemical-assisted
surface activity

Vieira et al. 2024
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The regulatory framework for nanomaterials is continuously
evolving. In the European Union, ZnO nanoparticles may fall
under the scope of engineered nanomaterials within Regula-
tion (EU) 2015/2283 when intentionally engineered or present
in food applications. The EFSA updated its scientific guid-
ance in 2021, introducing more detailed requirements for na-
nomaterial risk assessment, including characterization of size
distribution, hydrodynamic diameter, zeta potential, dissolu-
tion behavior, and persistence in biological systems (EFSA,
2021).

Migration, Cytotoxicity, and Genotoxicity

The potential for ZnO nanoparticles to migrate from packag-
ing into food is a common safety concern. Migration depends
on various factors, such as the food matrix composition, stor-
age conditions, temperature, pH, and the physicochemical
properties of the packaging material (Espitia et al., 2012;
EFSA, 2018). Consequently, exposure levels can differ sig-
nificantly across different applications.

Experimental studies have shown cytotoxic and genotoxic ef-
fects linked to ZnO nanoparticles under certain conditions.
For instance, Grasso et al. (2022) observed DNA damage and
cell toxicity in human peripheral blood lymphocytes exposed
to ZnO nanoparticles. However, it should be noted that many
in vitro toxicity studies employ concentrations higher than
those typically expected from dietary exposure (Nel et al.,
20006).

Nanoparticle shape has been recognized as a key factor influ-
encing toxicity. Research shows that rod-shaped ZnO nano-
particles produce more reactive oxygen species (ROS) in hu-
man peripheral blood mononuclear cells compared to spheri-
cal particles. Similar studies with micronucleus and comet as-
says have indicated that rod-shaped nanoparticles cause more
DNA damage. In vitro experiments with concentrations be-
tween 50 and 500 ppm revealed that cytotoxic effects intensi-
fied around 250 ppm, alongside increased ROS levels and
higher activities of antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT) (Halict et al., 2021;
Khan et al., 2015).

Research with human intestinal Caco-2 cell models generally
indicates that green-synthesized ZnO nanoparticles have rel-
atively low toxicity at concentrations relevant to food use.
However, higher exposure levels could lead to oxidative
stress via excessive ROS production, which may harm mito-
chondrial function and genomic integrity. These findings sup-
port maintaining current zinc intake guidelines and highlight
the need for migration studies on food-contact materials (Mit-
tag et al., 2022; Kang et al., 2013; Gerloff et al., 2009).

Although cell culture experiments show increasing evidence,
questions persist about how these results apply to real-world
exposure scenarios. Vandebriel and De Jong (2012) observed
that positive genotoxicity results are often reported in vitro,
but similar effects tend to be less apparent in vivo. More re-
search is needed to understand the biological importance of
these cellular responses and to assess whether they pose actual
health risks from dietary exposure.

Regulatory Frameworks and Future Research
Needs

The increasing application of green-synthesized zinc oxide
nanoparticles (ZnO NPs) in seafood preservation highlights
the need for comprehensive regulatory frameworks to ensure
consumer safety and environmental sustainability. Due to
their unique physicochemical properties, nanomaterials re-
quire specific risk assessment procedures, including detailed
characterization, migration studies, exposure assessment, and
toxicological evaluation (EFSA, 2021a). Regulatory agencies
have emphasized that engineered nanomaterials used in food
and food-contact applications should undergo nano-specific
safety assessments to account for their distinct biological be-
haviors compared to conventional materials (EFSA, 2021Db).
However, the absence of globally harmonized standards for
the characterization and safety evaluation of green-synthe-
sized nanoparticles remains a significant barrier to their com-
mercial implementation (Osman et al., 2024).

Future research should focus on the standardization of green
synthesis protocols to improve reproducibility and facilitate
industrial-scale production. Additional studies are required to
evaluate nanoparticle migration into seafood products, long-
term toxicity, bioavailability, and environmental fate follow-
ing disposal (Mahato & Chatterjee, 2024). Furthermore, most
current studies have been conducted under laboratory condi-
tions; therefore, validation under real seafood processing and
storage environments is essential. Advanced analytical and
omics-based approaches may further improve understanding
of the antimicrobial mechanisms of ZnO NPs and their inter-
actions with seafood-associated pathogens. Addressing these
challenges will support regulatory approval and promote the
safe and sustainable application of green-synthesized ZnO na-
noparticles in seafood preservation (Osman et al., 2024).

Conclusion

This compilation confirms that microbial risks arising from
environmental pollution and hygiene deficiencies in the sea-
food supply chain continue to pose a critical threat to global
food safety. The limitations of traditional preservation meth-
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ods, which can compromise product quality and prove inade-
quate against increasing antimicrobial resistance, highlight
zinc oxide (ZnO) nanoparticles produced via green synthesis
as a sustainable and high-performance alternative. The high
surface area and unique physicochemical properties of ZnO
NPs not only provide broad-spectrum antimicrobial protec-
tion in seafood packaging but also offer multifunctional ben-
efits such as UV protection. These features are particularly
strategic in extending the shelf life of perishable seafood
products and maximizing food safety.

However, significant barriers must be overcome for this la-
boratory-scale success to be widely adopted at an industrial
level. The risks of nanoparticles migrating from packaging
matrices into the food chain, uncertainties regarding long-
term biocompatibility, and potential impacts on aquatic eco-
systems necessitate a cautious and prudent approach to this
technology. Ultimately, the future of ZnO NPs in the food in-
dustry depends not only on their technical performance but
also on transparent legal regulations, comprehensive life cy-
cle assessments (LCA), and safety standards centered on con-
sumer confidence. Therefore, future research should focus on
'smart' and 'safe-by-design' strategies that minimize environ-
mental and biological risks. This holistic approach will play a
decisive role in responsibly, safely, and sustainably integrat-
ing nanotechnology into the food industry.
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