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Abstract

Microbial proliferation and lipid oxidation are major causes of food loss and foodborne risks. Regulatory reassessments and
consumer concerns have increasingly restricted the use of various synthetic preservatives and antioxidants. Consequently,
plant-derived bioactive agents, including essential oils (EOs) and phenolic compounds, and green synthesized metal and
metal oxide nanoparticles (NPs) have emerged as complementary candidates for food preservation and active packaging.
This review integrates antimicrobial and antioxidant mechanisms with a bibliometric-supported mapping of the food
packaging literature (SCOPUS, engineering domain; 284 keywords, 10 clusters; VOSviewer). Network analysis identified
biodegradable matrices (chitosan, gelatin, starch, pectin, and alginate), antimicrobial and antioxidant activity, essential oils,
plant-derived compounds such as curcumin and carvacrol, and "active packaging,” strongly associated with electrospinning
as a prominent manufacturing approach, as the central theme. Separate clusters highlighted sustainability and barrier
performance. The review also examines translational limitations, particularly migration, toxicology, and regulatory
uncertainty. Bulk transfer from packaging to food depends on polymer embedding, food acidity, and thermal history;
however, current evidence often fails to distinguish the release of particulate nanoparticles from oxidative dissolution to
ionic species, despite their differing toxicological and regulatory effects. Silver toxicology continues to focus predominantly
on ionic behaviour, contributing to ongoing uncertainty in European safety assessments. This study reveals that the main
limitations stem from reproducibility and regulatory fit rather than efficacy; the primary problems are variability in plant
extracts, unstandardized NP characterization, discrepancies between in vitro and real food performance, and the lack of
nano-specific regulatory processes.

Keywords: Active packaging, Bibliometric analysis, Food preservation, Green-synthesised nanoparticles,
Nanotoxicology.

Introduction addressed. The World Health Organization's
Foodborne Disease Burden Epidemiology Reference

The issue of food safety is a critical global public
Group has attributed approximately 600 million

health problem that has yet to be adequately
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illnesses, 420,000 deaths, and 33 million disability-
adjusted life years per year to 31 foodborne hazards,
with children under five years of age bearing about
40% of that burden (Havelaar et al., 2015). The
authors of these estimates acknowledge that they
are conservative in nature, as they exclude several
chemical hazards and are based on surveillance
systems that vary significantly in their sensitivity
across different regions. This results in a bias
towards underestimation, particularly in low- and
middle-income settings. In such contexts, ready-to-
eat foods have been identified as recurrent points of
failure (Makinde et al., 2020). A quantitative loss
problem is also evident in parallel: approximately
13% of global food production is lost between post-
harvest and retail, and a further 19% of the food
available to consumers is wasted at retail, food-
service, and household levels (UNEP, 2024). It has
been established that a significant proportion of the
observed burdens is attributable to two distinct
deterioration pathways: microbial proliferation and
lipid oxidation. These pathways converge at the
interface of the food packaging, which has been
identified as a viable point of intervention.

Since then, a partial update of these estimates has
become available, covering 22 of the original 31
hazards. For the 14 principal diarrheal hazards, it
was estimated that foodborne transmission caused
666 million cases of illness, 265,000 deaths, and 15.2
million DALYs lost worldwide in 2021 (Majowicz et
al,, 2026). These figures are broadly consistent with
the 2010 estimates, although they are not directly
comparable because of the different sets of hazards
and reference years.

The conventional response has been chemical, in the
form of synthetic antimicrobials and antioxidants
added to the product or, less frequently, to the
packaging. However, three distinct pressures now
constrain this approach, and they should be
distinguished because the supporting evidence
varies in strength (Sarkhel et al., 2026). The first is
toxicological and regulatory. Long-authorised
synthetic antioxidants, butylated hydroxyanisole,
butylated hydroxytoluene, and tert-
butylhydroquinone, have undergone repeated re-
evaluation of their metabolic fate and potential
adverse effects (Mika et al., 2023), and the principle
that a long history of use does not guarantee

permanent authorization was made explicit when
the European Food Safety Authority (EFSA)
concluded that titanium dioxide (E 171) could no
longer be considered safe as a food additive due to
concerns regarding genotoxicity (EFSA, 2021a).

The second is commercial, as consumer demand for
‘clean-label' formulations has evolved from a niche
preference to a key driver of reformulation.
However, natural substitutes rarely offer a one-to-
one functional replacement for synthetic
preservatives and typically incur higher costs, have
narrower pH and temperature operating windows,
and result in a shorter effective shelf life (Chauhan &
Rao, 2024). The third issue is microbiological:
reliance on a small number of preservative
chemistries exerts continuous selective pressure on
spoilage and pathogenic flora (Asadi et al., 2026). It
is important to state clearly that regulatory and
commercial trends are well documented, whereas
the causal link between authorized preservative use
at permitted levels and consumer health outcomes
remains contested and should not be presented as
proven.

In this regard, two research lines have emerged as
potential solutions. The first exploits plant
secondary metabolites directly, with essential oils
and phenolic compounds acting as antimicrobial and
antioxidant agents through membrane
destabilization, interference with energy
metabolism, radical scavenging, and metal chelation
(Basar et al., 2026a; Basar et al., 2026b; Basar et al.,
2024). The second approach uses the same
metabolites indirectly as reducing and capping
agents in the aqueous synthesis of metal and metal
oxide nanoparticles (Umaru et al.,, 2026). This yields
materials whose antimicrobial activity derives from
ion release, reactive oxygen species generation, and
interaction with cellular targets (Aragan et al., 2026;
Godoy-Gallardo et al,, 2021). These two approaches
are increasingly being combined within a single
biopolymer matrix, and the resulting composite
films, coatings, and nanofibers represent the current
frontier of active and intelligent packaging (Bisht et
al, 2025; Dube, 2025). However, the literature is
strongly asymmetric: reports of efficacy vastly
outnumber studies addressing migration, oral
toxicology, sensory acceptability, and regulatory
feasibility. This review therefore:



(i) summarizes the mechanistic basis of plant-
derived bioactives and green-synthesized
nanoparticles in food systems;

(ii) maps the thematic structure of the food
packaging literature using keyword co-occurrence
analysis; and

(iii) critically evaluates the safety, toxicological, and
regulatory constraints that currently prevent
laboratory performance from being realized in a
commercial context. The scope is deliberately
restricted to food-contact and preservation
applications; biomedical uses of the same materials
are not included.

Plant-derived natural products
Phenolics and essential oils

There are more than 3,000 species of aromatic
plants worldwide (Bakkali et al., 2008). These plants
are widely used in traditional medicine and the food
industry because of their secondary metabolites,
including phenolic compounds, flavonoids, terpenes,
and alkaloids (Boukraa et al., 2026a; Tekeli et al,
2026). Essential oils (EOs) are mixtures of various
volatile compounds with a characteristic aroma,
obtained from plant parts such as flowers, fruits,
seeds, stems, and leaves (Boukrai et al., 2026b; Rios,
2016). Phenolic compounds are phytochemicals
commonly found in plant tissue that possess
numerous bioactive properties. Although they are
not nutrients themselves, consuming them provides
health-protective effects (De la Rosa et al., 2019).

Owing to the rapid growth of the global population,
consumers are demanding safe, pathogen-free food
with a long shelf life. To avoid posing any health
risks to consumers, it is crucial that foods are free
from pathogenic bacteria, fungi, and unpleasant
odours or tastes (Makinde et al, 2020). For this
reason, the food industry is shifting its focus from
synthetic to natural preservatives (Faheem et al,,
2022). Owing to their bioactive compounds, such as
terpenoids and phenols, EOs can delay oxidative
reactions, prevent the formation of free radicals, and
inhibit the growth of foodborne pathogenic bacteria
(Khan et al, 2023). EOs, also known as aromatic
hydrocarbons, terpenes, terpenoids, phenylpropene,
esters, and aldehydes, are reported to possess
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numerous biological activities, including antiviral,
antifungal, antibacterial, insecticidal, and antioxidant
effects (Angane et al., 2022; Chi et al,, 2025). Owing
to their antioxidant and antibacterial properties, EOs
are used as green additives in foods as an alternative
to traditional synthetic chemicals, with the promise
of improving food safety and shelf life (Di Matteo et
al., 2024). EOs are considered safe preservatives in
meat and meat products during food processing and
preservation because they act as natural
antibacterial and antioxidant agents in meat and
meat products (Yas et al., 2026; Zhang & Piao, 2023).
Phenolic compounds are closely related to the
sensory and nutritional quality of fresh and
processed plant foods (Ho, 1992). They prevent the
formation of undesirable colours and flavours in
fruits and vegetables, act as substrates for enzymatic
browning, and also play a role in flavour
characteristics (Cheynier, 2012; Tilley et al.,, 2023).
Therefore, phenolic compounds are known as
natural antioxidants. The most commonly used
plants in the food industry include thyme, rosemary,
basil, cinnamon, mint, cloves, garlic, ginger, and sage.
These plants are rich in phenolic compounds and
volatile oils (smell pleasant).

Essential oils are most commonly recovered by
steam or hydrodistillation, with cold pressing used
for citrus peel oils and solvent extraction,
supercritical CO2 extraction, and microwave-assisted
techniques offering higher selectivity or lower
thermal degradation of labile constituents at
correspondingly higher cost and complexity
(Asbahani et al., 2015). Beyond distilled oils, crude
and purified plant extracts (aqueous, hydro-
alcoholic, or supercritical) are directly incorporated
into packaging films and coatings as antimicrobial
and antioxidant agents, either dispersed in the
polymer matrix or immobilized via encapsulation,
with the choice of extraction method and solvent
polarity strongly influencing which phenolic or
terpenoid fraction is available for release (Bisht et
al, 2025). The food matrix into which these
compounds are released is not interchangeable:
reported efficacy and required dosage differ
substantially between high-fat matrices such as meat
and dairy, where lipophilic constituents partition
into the fat phase and lose activity against the
aqueous bacterial environment, and high-moisture,
low-fat matrices such as fresh produce, seafood, and
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bakery products, where volatilization and protein
binding instead dominate losses (Hyldgaard et al.,
2012).

Antimicrobial and antioxidant mechanisms

Today, many diseases are related to oxidative stress,
which stems from an imbalance between the
production and neutralization of pro-oxidants
(Abeyrathne et al., 2022). Antioxidants are natural or
synthetic compounds that inhibit or delay oxidation.
Secondary metabolites found in plant structures are
known to be effective antioxidants (Erenler et al,,
2024). They can interact with free radicals and
prevent oxidation without harming host cells
(Chandimali et al., 2025). They can act through
various mechanisms, such as scavenging free
radicals that initiate and propagate peroxidation,
chelating metal ions that accelerate oxidation,
quenching superoxide ions to prevent hydroxyl
radical formation, breaking the auto-oxidation chain
reaction, and reducing localized oxygen
concentration in the product (Munekata et al., 2020;
Oroian & Escriche, 2015). Recently, there has been a
shift in the food industry towards natural
antioxidants due to the health risks associated with
artificial antioxidants. Phenolic flavonoids found in
plants can act as reducing agents, hydrogen donors,
singlet oxygen and superoxide radical scavengers,
and metal chelators (Carocho & Ferreira, 2013).
Therefore, the addition of natural antioxidants to
food products at an industrial level is considered
safe (Lourenco et al.,, 2019).

As an alternative to synthetic preservatives, EOs are
natural food preservatives. EOs are known natural
antimicrobial agents (Asbahani et al., 2015; Temel et
al,, 2026). EOs are generally considered safe (GRAS)
because they extend the shelf life of perishable food
products by preventing the spread of foodborne
pathogens (Angane et al., 2022). While some EOs are
more effective against Gram-positive bacteria, others
are reported to be more effective against Gram-
negative bacteria (Angane et al., 2022). The specific
molecules contained within the EOs determine this
difference. However, mechanisms by which EOs
inhibit bacterial growth may include disruption of
the bacterial outer membrane or phospholipid
bilayer, increased membrane fluidity leading to
leakage of potassium ions and protons, interference

with glucose uptake, and inhibition of enzyme
activity (Cho et al.,, 2020; El-Sakhawy et al., 2026).
Therefore, given the growing interest in the food
industry and consumers' increasing preference for
'natural’ and 'safe' products, the use of phenolic
compounds and EOs is on the rise.

Green-synthesized nanoparticles
Nanocompounds are widely used as antimicrobial
agents, anticancer agents, drug delivery vehicles,
formulations for functional foods, pathogen
identification, and in the food and pharmaceutical
packaging industries (Mayegowda et al., 2023). At
the intersection of nanotechnology and sustainable
applications, green nanotechnology offers solutions
to environmental and health problems associated
with traditional nanomaterial synthesis and
applications (Kazemi et al, 2023; Yenigiin et al,
2026). The demand for sustainable and eco-friendly
approaches is increasing. Green nanotechnology
encompasses a wide range of strategies that
minimize the use of hazardous chemicals, reduce
energy consumption, and promote the use of
renewable and biological resources (Basar et al,
2026¢; Yigit et al, 2025). This synthesis route is
generally lower-energy, solvent-sparing, and more
readily scalable than conventional chemical
reduction, and the resulting particles are often
reported to be colloidally stable (Osman et al., 2024).
However, process sustainability should not be
equated with product safety: nanoparticles
synthesized using plant or microbial extracts still
require independent physicochemical
characterization and toxicological assessment, since
a biogenic capping layer does not by itself confer
biological inertness (Hamed et al, 2023).
Nanoparticles (NPs) synthesized using plant or
microbial extracts remain an eco-friendly and cost-
effective synthesis approach (Aslan et al., 2025;
Basar et al, 2026d). The key point here is that
nanoparticles conjugated with secondary
metabolites contained in the plant have become
reducing and stabilizing agents with antioxidant
activity due to their smaller size and higher
permeability (Basar et al, 2026d; Erenler et al,
2023). Studies have reported high bioavailability and
minimal side effects (Vijayaram et al., 2024).



The mechanism of NPs formation via green synthesis
is based on the reduction of bioactive compounds
found in plant extracts by metal ions present in
solution (Basar, 2026; Kazemi et al., 2023). This
process can vary depending on the plant extract and
the type of NPs metal synthesized. While bioactive
compounds in plants can function as both reducing
and stabilizing agents during nanoparticle synthesis
(Mittal et al, 2014), biomolecules can function as
coating and stabilization agents (Somasundaram &
Edamana, 2015). In the synthesis of metal
nanoparticles using plant extracts, the plant extract
is first boiled in a specific solvent (water, ethanol, or
methanol); then, filtration is performed, and a metal
salt solution is added to the resulting extract, and the
mixture is left to stand (Kalaiyarasi et al, 2025).
Changes in the colour of the solution are observed,
which indicates that the synthesized nanoparticles
have been produced (Kazemi et al., 2023).

Nanotechnology is used in the food industry for
additives, packaging, and food storage. Inorganic
nanomaterials consist of elements such as Ag, Fe, Ca,
Mg, Se, and silicates. Metal (oxide) nanomaterials are
increasingly used in various consumer products,
including surfaces and packaging materials that
come into contact with water and food (Sekhon,
2010).

In the food industry, silver and zinc are the most
commonly used particles. Zinc is an essential trace
element that is generally considered safe by the FDA;
therefore, its use as a food additive is permitted. ZnO
nanoparticles have been incorporated into
polymeric matrices to enhance the antimicrobial
properties of packaging materials used in food
preservation and to improve some packaging
characteristics (Espitia et al, 2025). Silver
nanoparticles (AgNPs) have been reported to exhibit
antibacterial, antiviral, and antifungal properties
(Nicolae-Maranciuc & Chicea, 2025). These
properties may be revealed through mechanisms
such as disrupting microbial membranes, forming
reactive oxygen species (ROS), and interacting with
essential cellular proteins (Pangli et al, 2021).
However, the direct use of AgNPs is limited by
factors such as poor stability and potential toxicity to
human cells (Dube & Okuthe, 2025). In addition to
silver and zinc oxide, green-synthesized
nanoparticles of copper, iron, magnesium, selenium,
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and gold have been reported for use in food-related
antimicrobial and antioxidant applications. These
nanoparticles have distinct dissolution rates, ion-
release profiles, and toxicological signatures.
Consequently, the migration and safety data
compiled for AgNPs should not be extrapolated to
these other nanoparticle chemistries without
chemistry-specific data (Aragan et al., 2026; Basar et
al,, 2026e; Mayegowda et al., 2023).

Current studies reveal that nanoparticles
synthesized using plant extracts possess high
biological activity and offer versatile application
potential in food systems, such as natural food
preservatives, active packaging systems, edible
coatings, functional foods, and smart packaging
technologies (Bisht et al., 2025; Dube, 2025; Sarkhel
etal, 2026).

Applications in food safety and packaging: a

bibliometric-aided analysis

Packaging is a crucial factor in the food chain, further
meeting the needs of food quality and safety from
production to the final stage of consumption. The
surge of interest in packaging is a consequence of the
ever-increasing population and increased food
demand and consumer trends (Vilela et al.,, 2018).
Packaging prevents any potential undesired
chemical and biological modifications by acting as a
barrier to protect the food from environmental
factors, including oxygen, moisture, light, pests,
volatiles, and both chemical and biological
contamination (Yildirim et al, 2018). In their
review, Yildirim et al. (2018) discussed how active
packaging systems are designed to deliberately
incorporate components that release or absorb
substances to extend shelf life or improve the
condition of packaged food, according to European
regulation (EC) No 450/2009. Such packaging
systems enhance food safety by exhibiting active
functions, such as antimicrobial and antioxidant
activity, oxygen and ethylene scavenging, and carbon
dioxide emission. In packaging systems, a significant
shift has been observed from synthetic to natural
antioxidants, with lower toxicity and higher safety.
This shift was due to the reported side effects of
butylated
hydroxytoluene, butylated hydroxyanisole, and tert-

synthetic antioxidants, namely

butylhydroquinone (Nieva-Echevarria et al.,, 2015).
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Considering the thematic content and evolution of
the studies dealing with food packaging, we
performed an exploratory search using the string
TITLE-ABS-KEY (packaging AND food), restricted to
the Scopus “Engineering” subject area (all document
types, no date restriction; search exported from
Scopus to VOSviewer for keyword co-occurrence
analysis, full-counting method). The query was
TITLE-ABS-KEY [(packaging AND food) AND ("green
synthesis" OR "green synthesized" OR biosynthesis OR
nanoparticle* OR "plant extract*" OR "essential oil*")].
Regarding the thematic content, we obtained 11
clusters corresponding to 319 items (Fig. 1).
According to the network, “active packaging” was
found to be the most central and highly connected
theme, as expected. This hub was strongly
associated with biopolymer-based materials, such as
chitosan, gelatin, starch, pectin, and alginate. Such a
critical thematic hub clearly indicates a dominant
focus on biodegradable matrices for active packaging
applications. This impressive interest has been
discussed in a quite number of comprehensive
reviews (Florez et al, 2022; Garcia-Guzman et al,,
2022; Luo et al,, 2022; Metha et al., 2024; Roy et al,,
2023; Wang et al, 2018). Critically, we further
observed a major research direction centered on
bioactive functionality, which is highlighted by
frequent links to antimicrobial, antibacterial, and
antioxidant activities. These terms commonly co-
occur with essential oils (Fig. 2) and plant-derived
extracts (i.e., curcumin and carvacrol) (Fig. 3).
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Figure 1. Co-occurrence network of keywords. The figure was
constructed using VOSviewer software, being based on the
keywords given in the studies retrieved from SCOPUS
database.

Given its special focus on curcumin, it exhibits
notable effectiveness in reducing microbial
contamination, preventing oxidative degradation,
and serving as real-time indicators of food freshness.
However, it also has some limitations concerning its
use in packaging applications owing to its poor
stability and low solubility (Devi et al, 2025). In
addition to the report of Devi et al. (2025), the
authors have discussed and addressed smart
packaging systems to make curcumin suitable and
overcome its poor water solubility and instability
(Dube, 2025; Qu et al,, 2023; Ranade et al., 2025; Roy
et al,, 2022). In the case of carvacrol use, Nostro and
Papalia (2012) have detailed how carvacrol, either
alone or combined with synergistic products, can be
incorporated into different formulations for food
packaging applications, further discussing and
describing carvacrol as a food preservative or
antimicrobial agent in food packaging materials
(Nostro & Papalia, 2012). Our bibliometric analysis
(Fig. 1-3) emphasizes the use of natural additives to
improve food preservation and safety.

In addition, we observed strong connections
between electrospinning, biopolymers, and bioactive
functionality in food packaging research (Fig. 4).
Electrospinning, as a central methodological node, is
closely linked to chitosan, gelatin, and zein,
emphasizing its importance in  producing
nanofibrous materials with enhanced performance.
As reported in the literature, there are strong
associations between chitosan and antibacterial and
antioxidant activities, indicating its central role in
antimicrobial packaging. Our bibliometric analysis
confirms that the presence of electrospinning and
nanofibers reflects growing interest in advanced
fabrication strategies to enhance functional
efficiency.

Another prominent cluster addresses sustainability,
integrating biodegradable packaging, sustainable
packaging, life cycle assessment, and circular
economy. The relevant cluster demonstrates
increased attention to environmental impacts. In
parallel, modified atmosphere packaging (MAP) and
shelf-life extension are closely linked to food safety,
oxygen permeability, and lipid oxidation,
underscoring the importance of gas control and
barrier properties. Finally, a technology-oriented
cluster focuses on material performance, including



permeability, diffusion, migration, and seal strength,
alongside  conventional polymers such as
polypropylene, PET, and HDPE. Taking all clusters
into account, we can deduce that, for food packaging
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and safety, a multidisciplinary field integrating
material science, food preservation, and
sustainability is required (Fig. 5).
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Safety, toxicity, and regulatory

considerations

Migration

Any concept of active packaging is inherently a
controlled-release mechanism, making its safety
evaluation essentially a matter of mass transfer;
what percentage of the incorporated bioactive
substance reaches the food, in which chemical
format, and under what circumstances? According to
European regulations, materials intended for contact
with food must not release components in amounts
that could threaten human health or significantly
change the composition or sensory qualities of the
food (Regulation (EC) No 1935/2004). For plastics,

e e

this general requirement is implemented through an
overall migration limit as well as specific migration
limits for certain substances, which are assessed
using standardized food simulants under time-
temperature conditions chosen to reflect the most
likely worst-case scenarios (Regulation (EU) No
10/2011). Active and intelligent materials have the
added requirement that the substance being
deliberately released must also adhere to food-
additive regulations (Regulation (EC) No 450/2009),
a requirement that is often overlooked in the
packaging literature, where the inclusion of essential
oils is highlighted as a material innovation without
mentioning the need for additive authorization
under Regulation (EC) No 450/2009.
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In the case of nanoparticle systems, Echegoyen and
Nerin (2013) demonstrated the migration of silver
from commercial nanosilver containers, reporting
that the silver migration was lower than those values
proposed by the European legislation (Echegoyen &
Nerin, 2013). However, the authors noted that the
migration values were higher in the case of heating
in a microwave oven compared to a conventional
oven. Furthermore, Cushen et al. (2014) evaluated
and simulated the migration of silver and copper
nanoparticles from polyethylene nanocomposites

(Cushen et al,, 2014). They reported that the mass
fraction of the nanofiller was the dominant factor
determining migration, in accordance with particle
size, temperature, and contact time. Nevertheless, a
critical synthesis of some twenty migration studies
concluded that nanoparticles fully embedded in a
polymer were effectively immobilized, and that
much of the reported 'nanoparticle migration' can be
more parsimoniously explained by the oxidative
dissolution of silver (Ag) ions during sample



handling under mildly reducing conditions, followed
by the reformation of particles (Stormer et al., 2017).

The rate and extent of this release are governed by
polymer-bioactive interactions, which are rarely
systematically. Hydrophilic
biopolymers, such as chitosan, starch, and gelatin,
retain phenolic compounds
hydrogen bonding. These biopolymers can exhibit

characterized
primarily through
burst release in aqueous or high-humidity food

contrast, more hydrophobic
matrices retard release through slower diffusion.

environments. In
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However, they can also sequester lipophilic essential
oil constituents so effectively that the concentrations
of these compounds in the package never reach the
food surface (Flérez et al.,, 2022; Luo et al, 2022).
The choice of compatibilizer, crosslinking density,
and the plasticizing effect of the bioactive itself on
the polymer network can further alter both diffusion
coefficients and mechanical performance.
Consequently, migration and efficacy data obtained
for one polymer-bioactive pairing cannot be
assumed to be applicable to another without matrix-
specific testing (Sarkhel et al., 2026).

Barrier and active-packaging functions
Barrier to oxygen, moisture, light and pests
Antimicrobial & antioxidant release
Oxygen scavenging / CO: emission

Biopolymer matrices Fabrication approaches
Chitosan Plant-derived Electrospinning / nanofibres
Gelatin bioactives & Green nanoparticle synthesis
Starch green- Modified-atmosphere
Pectin synthesised packaging
Alginate nanoparticles Coatings & edible films
Essential oils & plant extracts

Translational considerations
Migration & consumer safety
Biodegradability & life-cycle impact
Regulatory authorisation (EU/US)

Figure 5. Emerging trends and innovations in food packaging, a multidisciplinary perspective on safety, sustainability, and

preservation.

Consumer safety

Consumer risk is the product of exposure and
hazard, and the oral hazard database for silver is
instructive precisely because it complicates the
simple narrative. In a 28-day repeated oral-dose
study in rats, organ silver concentrations correlated
with the Ag* content of the administered suspension
rather than with particle number, indicating that
ionic rather than particulate silver dominates
intestinal passage; silver was cleared from most

tissues within eight weeks but was retained in brain
and testis, and- mechanistically important- particles
were detected in animals dosed with AgNOs;,
demonstrating in vivo particle formation from ions
(Van der Zande et al., 2012). The study by Qi et al.

(2023) has mechanistically characterized the
gastrointestinal transformation, absorption, and
toxicological mechanisms of AgNPs after oral

exposure (Qi et al, 2023). Further, less frequently
discussed dimension of consumer safety concerns
microbiology rather than toxicology. Exposure to
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sub-inhibitory levels of silver can select for silver-
resistant phenotypes and, through co-selection, for
antibiotic-resistance determinants (McNeilly et al,,
2021).

Therefore, deploying a broad-spectrum metal
biocide across a high-volume consumer product
category is not risk-neutral, even where consumer
migration is negligible. This consideration is largely
absent from the literature on applications. The
hazard profile of essential oils is generally more
favourable because many of their constituents hold
GRAS status; however, the binding constraint then
shifts to organoleptic acceptability. Essential oil
constituents partition into lipid and protein phases
and bind food macromolecules. Consequently,
concentrations that are effective in real matrices are
consistently higher than in vitro minimum inhibitory
concentrations. The necessary increase often
exceeds the sensory detection threshold (Gcabashe
et al, 2026; Hyldgaard et al, 2012). Although
encapsulation, nanoemulsion, and vapor-phase
delivery mitigate this trade-off, they do not abolish it
(Quetal, 2023; Ranade et al., 2025; Roy et al., 2022).

Current gaps

We have identified three gaps that appear to be
decisive. The first concerns speciation and dosage.
The regulatory record for silver is unusually explicit
on this point. In 2016, EFSA re-evaluated silver (E
174) and found that the available information was
insufficient to assess its safety. This was principally
because the nanoparticle content and ionic release of
the additive were uncharacterised, and the test
materials used in the available toxicological studies
could not be related to it (EFSA, 2016). Following a
further call for data, the Panel again concluded in
2025 that it could not make a safety assessment,
citing inadequate physicochemical characterization
and inadequate genotoxicity and subchronic toxicity
data (EFSA, 2025). Therefore, nearly a decade of
sustained regulatory attention has failed to close the
data gap for a material that is routinely described as
safe in packaging literature.

The second gap concerns exposure realism.
Migration testing uses simulants under abusive
conditions rather than realistic distribution and
storage profiles, and toxicological testing uses doses

far above realistic levels. Neither method reflects the
exposure actually experienced by consumers.
Probabilistic exposure modelling that takes into
account both measured migration and food
consumption data would provide a much clearer
picture than either method on its own, and would
also make the associated uncertainty explicit.

The third issue concerns the green synthesis
premise itself, which should be stated directly. The
fact that a nanoparticle is produced by a low-energy,
solvent-sparing, plant-mediated route says nothing
about the resulting particle's toxicology: the hazard
lies in the particle's surface chemistry and corona,
not the synthetic route. The phytochemical capping
layer alters the surface charge, dissolution kinetics,
and protein corona formation relative to chemically
synthesized counterparts. Therefore, it requires
assessment in its own right, rather than a read-
across in either direction. The EFSA guidance on the
risk assessment of nanomaterials in the food and
feed chain sets out the required characterization and
testing strategy and applies irrespective of the
synthesis route (EFSA, 2021a). Framing green
synthesis as intrinsically safe confuses process
sustainability with product safety. These are
logically independent claims that require separate
evidence.

Challenges and future perspectives

Among the challenges observed, translation of the
green-synthesized
functionalized films from the laboratory to
production process control rather than laboratory
efficacy is a critical rate-limiting step. For instance,

nanoparticles and EO-

the phytochemistry of the extracts clearly exhibits
significant variations according to the species,
chemotype, origin, and extraction conditions, which
further affects the particle size, morphology, and
colloidal stability (Singh et al, 2023). Therefore,
standard process control cannot be applied to the
extract itself until the uncharacterised mixture is
standardized, since the reducing and capping
functions reside in the mixture rather than a defined
reagent. In this regard, the following practical
approaches have been identified as effective routes
to this objective: the utilization of fractionated
extracts, the implementation of spectroscopically

fingerprinted  feedstocks  with established



acceptance criteria, and the employment of
continuous-flow  reactors. However, techno-
economic and life-cycle assessments against relevant
competitors are habitually deferred because the
'‘green’ label only covers the synthesis step and not
the full cradle-to-grave profile once -cultivation,
solvent recovery, and end-of-life are included. In the
context of EOs delivery, spray drying is a scalable
method. However, it should be noted that this
process can result in the degradation of thermolabile
constituents. Coacervation, liposomal, and
electrospun systems offer enhanced protection;
however, they are more costly and less readily
available for utilization (Gcabashe et al., 2026).

Considering the aforementioned factors, it is
imperative to implement a standardization process
at three distinct levels. First, it is imperative to
characterize the materials in accordance with the
EFSA template (EFSA, 2021b), as cross-laboratory
comparison is impossible without it. This includes
the measurement of particle size, hydrodynamic
diameter, PDI, zeta potential in the relevant medium,
crystallinity, and dissolution Kkinetics. Bioactivity
testing is predominantly reliant on inhibition-zone
diameters, which is a semi-quantitative screen that is
unsuitable for comparative claims. Therefore, the
minimum requirement is the determination of
minimum inhibitory and minimum bactericidal
concentration values with standardized inoculate,
dose-response characterization, and dissolution
controls separating ionic from particulate effects.
The validation in food is the weakest link, as in vitro
screening significantly outweighs matrix-realistic
shelf-life  studies that combine microbial
enumeration, oxidation indices, and
sensory/consumer data (Gcabashe et al, 2026). It
has been demonstrated that the inhibition of E. coli
on agar is a material result, not a preservation result.

The absence and lack of harmonization of regulatory
frameworks represent a significant impediment to
the commercialization of nanomaterials. For
instance, the EU requires explicit authorization for
nanoforms under Annex I of Regulation (EU) No
10/2011 (EFSA 2021b), the US evaluates nanoscale
particle-size reduction on a case-by-case basis
without a positive list (FDA, 2014), and other
jurisdictions fall between or lack nano-specific
provisions entirely, resulting in an identical film

Food Safety and Packaging

being lawful in one market and unassessed in
another. While full convergence is improbable, four
objectives appear to be within reach: the
establishment of an operational definition of
"nanoform" for food contact that is mutually agreed
upon, the validation of methods that can
differentiate particulate from ionic migration, the
mutual acceptance of characterization dossiers, and
the explicit treatment of materials synthesized using
green methods. The Codex Alimentarius Commission
is the most suitable venue for the first and fourth
objectives, while standardization bodies are well-
positioned to address the second objective.

Conclusion

Evidence suggests that plant-derived bioactives and
green-synthesised nanoparticles are technically
credible contributors to food preservation and active
packaging. The mechanistic basis of these
phenomena is reasonably well established.
Membrane destabilization, interference with energy
metabolism, radical scavenging, and metal chelation
are the mechanisms responsible for the former,
while the latter involves ion release, reactive-
oxygen-species generation, and interaction with
cellular targets. The bibliometric structure of the
field described above shows a mature,
multidisciplinary research programme organized
around biodegradable bioactive
functionality, and, increasingly, sustainability and
controlled release.

matrices,

Notwithstanding, the conclusion of this review is a
qualified one. The evidence supporting efficacy is
considerably stronger than the evidence supporting
safe, reproducible, and lawful deployment, and the
asymmetry is systematic rather than incidental. The
present study proposes three hypotheses designed
to summarize the current position, each formulated
in such a way as to be amenable to empirical testing.
Firstly, it is evident that the measurable migration
from fully embedded nanocomposite systems is
predominantly ionic in nature rather than
particulate. This assertion can be substantiated
through the systematic application of single-particle
ICP-MS across a range of material types, simulants,
and thermal histories. Furthermore, this hypothesis
would be invalidated by the reproducible detection
of intact primary particles under realistic contact
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conditions. Secondly, it is posited that the
discrepancy between the in vitro and in-food efficacy
of EOs is predominantly attributable to partitioning
and macromolecular binding, as opposed to loss of
intrinsic activity. This hypothesis can be evaluated
through the quantification of free versus bound
active concentration in situ, and the subsequent
correlation with observed inhibition. Thirdly, batch-
to-batch variability of the reducing extract is
identified as the principal source of irreproducibility
in green synthesis. This hypothesis can be tested by
co-varying spectroscopically fingerprinted extracts
against particle attributes and bioactivity in a
designed experiment. Until such questions are
addressed through matrix-realistic, adequately
powered, and methodologically standardized
studies, the appropriate scientific posture is neither
the uncritical optimism that characterizes much of
the applications literature nor dismissal of a
promising technology, but recognition that the
decisive constraints have shifted. These issues are no
longer primarily concerned with chemistry; rather,
they are questions of metrology, exposure
assessment, and regulatory design.

Conflicts of interest

The authors declare that they have no conflicts of
interest.

Disclaimer

Generative Al tools were used solely to assist with
the preparation of some figures and for language and
grammatical editing of selected parts of the
manuscript. Al tools were not used to generate
research data, perform data analysis, draw scientific
conclusions, or make decisions regarding the
interpretation of the results. All Al-assisted content
was carefully reviewed and verified by the authors,
who take full responsibility for the accuracy,
integrity, and final content of the manuscript.

References
Abeyrathne, E. D. N. S, Nam, K, Huang, X., & Ahn, D. U. (2022).
Plant- and animal-based antioxidants’ structure, efficacy,

mechanisms, and applications: A Review. Antioxidants, 11(5),
1025. https://doi.org/10.3390/antiox11051025

Angane, M, Swift, S., Huang, K, Butts, C. A, & Quek, S. Y. (2022).
Essential oils and their major components: An updated review on
antimicrobial activities, mechanism of action and their potential
application in the food industry. Foods, 11(3), 464.
https://doi.org/10.3390/foods11030464

Aragan, A, imece, A, Yigit, A., Basar, Y., Ertas, M,, Samsa, C. G,
Ozturk, D., & Geng, H. (2026). Green synthesis of copper, iron and
silver nanoparticles from Origanum vulgare L. subsp. vulgare;
characterization, in vitro enzyme inhibition, antimicrobial
activities and in silico molecular docking studies. Molecular
Biotechnology, 68(6), 2866-2887.
https://doi.org/10.1007/s12033-025-01538-x

Asadi, A, Sarand, I, Spuul, P, Fanning, S., & Macori, G. (2026).
Mapping spoilage microbiota in complex food systems: organisms,
mechanisms, and omics-based characterization. Food Research
International, 242, 119633.
https://doi.org/10.1016/j.foodres.2026.119633

Asbahani, A. E.,, Miladi, K, Badri, W.,, Sala, M., Addi, E. H. A,
Casabianca, H., Mousadik, A. E., Hartmann, D., Jilale, A., Renaud, F.
N. R, & Elaissari, A. (2015). Essential oils: From extraction to
encapsulation. International Journal of Pharmaceutics, 483(1),
220-243. https://doi.org/10.1016/j.ijpharm.2014.12.069

Aslan, S, Basar, Y., & Yigit, A. (2025). Synthesis, characterization,
antimicrobial activities and molecular docking studies of
nanoparticles from Polygonum Cognatum, Mentha Pulegium and
Tragopogon Reticulatus. Yuzuncu Yil University Journal of the
Institute of Natural & Applied Sciences, 30(2), 537-554.
https://doi.org/10.53433 /yyufbed.1621096

Bakkali, F., Averbeck, S., Averbeck, D. & Idaomar, M. (2008).
Biological effects of essential oils - A review. Food and Chemical
Toxicology, 46(2), 446-475.
https://doi.org/10.1016/j.fct.2007.09.106

Basar, Y., Yigit, A, Karacali Tung, A, & Saritas, B. M. (2024).
Lavandula stoechas extract; Synthesis of silver nanoparticles
(nature-friendly green synthesis method), characterization,
antimicrobial activity and in silico molecular docking study.
Current Perspectives on Medicinal and Aromatic Plants, 7(1), 24-
33. https://doi.org/10.38093 /cupmap.1461976

Basar, Y. (2026). Plant-mediated zinc oxide nanoparticles from
Sideritis syriaca subsp. nusairiensis: A promising nano-enabled
approach for food and nutraceutical applications. Journal of Food
Science, 91(6), e71211. https://doi.org/10.1111/1750-
3841.71211

Basar, Y., Kizil, V., Gecer, E. N,, Erenler, R, & Demirtas, 1. (2026a).
Green Synthesis of Silver Nanoparticles from Stachys setifera
subsp. Iycia: Characterization, antioxidant activity, and in silico
studies. Chemistry &  Biodiversity,  23(2), e03467.
https://doi.org/10.1002/cbdv.202503467

Basar, Y. Yenigiin, S, Yigit, A, Gok, M. Tunc, A. K, Gezici, S,
Demirbag, H., Tel, A. Z., & Kulak, M. (2026b). Viscum album subsp.
austriacum-mediated biosynthesis of magnesium nanoparticles:
In vitro anticancer, antibiofilm, and antioxidant activities with
computational validation. Biochemical and Biophysical Research



Communications, 830, 154248.
https://doi.org/10.1016/j.bbrc.2026.154248

Basar, Y., Yigit, A, Chi, G. F,, Sunyar, B., & Demirtas, . (2026¢).
Green synthesised silver nanoparticle from Cotoneaster
horizontalis, in vitro and in silico antibacterial properties.
Chemistry & Biodiversity, 23(1), e02265.
https://doi.org/10.1002/cbdv.202502265

Basar, Y., Yigit, A., Donmez, M. F., Demirtas, [, & Alma, M. H.
(2026d). Phytochemical analysis of Pyracantha angustifolia:
Synthesis of silver nanoparticles, characterization, antimicrobial
activity, and in silico studies. Journal Of Agriculture and Nature,
29(1), 1-14. https://doi.org/10.18016 /ksutarimdoga.vi.1593890

Basar, Y., Yigit, A, Yenigun, S., Oztiirk, D., Tung, A. K, Gok, M,
Pekel, 0. 0, & Tel, A. Z. (2026e). Green synthesis of silver
nanoparticles  from  Cotoneaster lacteus:  Experimental
characterization and mechanistic insights from biological assays,
DFT and molecular docking studies. Applied Biochemistry and
Biotechnology. https://doi.org/10.1007/s12010-026-05848-x

Bisht, S., Sarkhel, B., Bachheti, R., Mishra, B., & Pandey, S. (2025).
Plant extract in active and intelligent food packaging systems. In
S. Kumar, A. Mukherjee, & R. Bhat (Eds.). Natural Additives in Food
and Sustainable Packaging (pp. 353-385). New York: Jenny
Stanford Publishing. https://doi.org/10.1201/9781003673835-
12

Boukraj, D., Aribi, R, Basar, Y., Tabti, S.,, Tadjeddine, N., Fergoug,
T, Alfaleh, A. A, Altalhi, R, Alnajeebi, A. M., Banjer, H. ],
Almehmadi, A, Helal, M, Alaoufi, S. H, & Sami, R. (2026a).
Optimizing drying technologies for Salvia officinalis L.: balancing
essential oil yield, phytochemical integrity, and computational
prediction of antioxidant synergy. Frontiers in Sustainable Food
Systems, 10 - 2026. https://doi.org/10.3389/fsufs.2026.1818527

Boukra3, D., Tadjeddine, N. Tabeti, S, Basar, Y., & Sami, R.
(2026b). Impact of drying methods on essential oils yield and
quality in Lamiaceae: Meta-analysis. South African Journal of
Botany, 192, 691-704. https://doi.org/10.1016/j.sajb.2026.04.005

Carocho, M. & Ferreira, I. C. F. R. (2013). A review on antioxidants,
prooxidants and related controversy: Natural and synthetic
compounds, screening and analysis methodologies and future
perspectives. Food and Chemical Toxicology, 51, 15-25.
https://doi.org/10.1016/j.fct.2012.09.021

Chandimali, N., Bak, S. G., Park, E. H,, Lim, H. ], Won, Y. S, Kim, E.
K, Park, S. 1, & Lee, S. ]. (2025). Free radicals and their impact on
health and antioxidant defenses: a review. Cell Death Discovery,
11(1), 19. https://doi.org/10.1038/s41420-024-02278-8

Chauhan, K. & Rao, A. (2024). Clean-label alternatives for food
preservation: An emerging trend. Heliyon, 10(16), e35815.
https://doi.org/10.1016/j.heliyon.2024-e35815

Cheynier, V. (2012). Phenolic compounds: from plants to foods.
Phytochemistry Reviews, 11(2), 153-177.
https://doi.org/10.1007/s11101-012-9242-8

Food Safety and Packaging

Chi, G. F,, Khan, S, Basar, Y., Kuete, ]. R. N,, Matieta, V. Y., Kuete, |. B.
T., Megaptche, J. F,, Chongong, M. A, Yenigiin, S., Ayimele, G. A,
Mbaveng, A. T, Kuete, V., & Shaheen, F. (2025). Antibacterial
flavonoids from Tetrapleura tetraptera (Fabaceae) fruit pulp, in
silico studies. South African Journal of Botany, 180, 96-106.
https://doi.org/10.1016/j.sajb.2025.02.026

Cho, T. J.,, Park, S. M,, Yu, H,, Seo, G. H,, Kim, H. W,, Kim, S. A, &
Rhee, M. S. (2020). Recent advances in the application of
antibacterial complexes using essential oils. Molecules, 25(7).
https://doi.org/10.3390/molecules25071752

Cushen, M., Kerry, J., Morris, M., Cruz-Romero, M., & Cummins, E.
(2014). Evaluation and simulation of silver and copper
nanoparticle migration from polyethylene nanocomposites to
food and an associated exposure assessment. Jornal of Agricultural
and Food Chemistry, 62(6), 1403-1411.
https://doi.org/10.1021/jf404038y

De la Rosa, L. A, Moreno-Escamilla, J. 0., Rodrigo-Garcia, J., &
Alvarez-Parrilla, E. (2019). Phenolic Compounds. In E. M. Yahia
(Ed.), Postharvest physiology and biochemistry of fruits and
vegetables (pp- 253-271). Woodhead Publishing.
https://doi.org/10.1016/B978-0-12-813278-4.00012-9

Devi, L. S., Krishnan, R., Begum, S., Nath, D., Mohanty, A., Misra, M.,
& Kumar, S. (2025). Curcumin as bioactive agent in active and
intelligent food packaging systems: A comprehensive review.
Comprehensive Reviews in Food Science and Food Safety, 24(4),
e70228. https://doi.org/10.1111/1541-4337.70228

Di Matteo, A, Lavorgna, M., Russo, C., Orlo, E., & Isidori, M. (2024).
Natural plant-derived terpenes: antioxidant activity and
antibacterial properties against foodborne pathogens, food
spoilage and lactic acid bacteria. Applied Food Research, 4(2),
100528. https://doi.org/10.1016/j.afres.2024.100528

Dube, E. (2025). Nanoformulated curcumin for food preservation:
a natural antimicrobial in active and smart packaging systems.
Applied Biosciences, 4, 46.
https://doi.org/10.3390/applbiosci4040046

Dube, E., & Okuthe, G. (2025). Silver nanoparticle-based
antimicrobial coatings: Sustainable strategies for microbial
contamination control. Microbiology —Research, 16, 110.
https://doi.org/10.3390/microbiolres16060110

Echegoyen, Y., & Nerin, C. (2013). Nanoparticle release from nano-
silver antimicrobial food containers. Food and Chemical
Toxicology, 62, 16-22. https://doi.org/10.1016/j.fct.2013.08.014

EFSA Panel on Food Additives and Nutrient Sources added to
Food (ANS). (2016). Scientific opinion on the re-evaluation of
silver (E 174) as food additive. EFSA Journal, 14(1), 4364.
https://doi.org/10.2903/j.efsa.2016.4364

EFSA Panel on Food Additives and Flavourings (FAF), Younes, M.,
Aquilina, G., Castle, L., Engel, K. H., Fowler, P., .. & Wright, M.
(2021a). Safety assessment of titanium dioxide (E171) as a food
additive. EFSA Journal, 19(5), e06585.
https://doi.org/10.2903/j.efsa.2021.6585



Y. Basar et al. (2026)

EFSA Scientific Committee. (2021b). Guidance on risk assessment
of nanomaterials to be applied in the food and feed chain: human
and animal health. EFSA  Journal  19(8), e06768.
https://doi.org/10.2903/j.efsa.2021.6768

EFSA Panel on Food Additives and Flavourings (FAF), Andreassen,
M., Aquilina, G., Bastos, M. L., Boon, P., Castle, L., ... & Smeraldi, C.
(2025). Follow-up of the re-evaluation of silver (E 174) as a food
additive (EFSA-Q-2023-00169). EFSA Journal, 23(4), e9316.
https://doi.org/10.2903/j.efsa.2025.9316

El-Sakhawy, M. A, El Raheim Mohammed Donia, A., Juraybi, T. N.,
El-Sherbiny Ateya, A. A., Osman, W., Abd-Elghany, A. A., Soliman,
M. M., Kobisi, A. N. A, & Balah, M. A. (2026). action mechanism of
essential oils or their components against pathogenic bacteria:
Literature review. International Journal of Microbiology, 2026(1),
7468450. https://doi.org/10.1155/ijm /7468450

Erenler, R, Gecer, E. N.,, Hosafliogly, 1., & Behcet, L. (2023). Green
synthesis of silver nanoparticles using Stachys spectabilis:
Identification, catalytic degradation, and antioxidant activity.
Biochemical and Biophysical Research Communications, 659, 91-95.
https://doi.org/10.1016/j.bbrc.2023.04.015

Erenler, R, Yildiz, i., Geger, E. N, Yildirim Kocaman, A., Alma, M. H,,
Demirtas, I, Basar, Y., Hosaflioglu, 1, & Behget, L. (2024).
Phytochemical analyses of Ebenus haussknechtii flowers:
Quantification of phenolics, antioxidants effect, and molecular
docking studies. Journal of Integrative and Anatolian Medicine,
5(2), 1-9. https://doi.org/10.53445 /batd.1479874

Espitia, P. J. P,, Otoni, C. G., & Soares, N. F. F. (2025). Zinc oxide
nanoparticles for food packaging applications. In ]. Barros-
Velazquez (Ed.), Antimicrobial Food Packaging (pp. 603-610).
London: Academic Press. https://doi.org/10.1016/B978-0-323-
90747-7.00038-7

Faheem, F, Liu, Z. W, Rabail, R, Haq, L.-U, Gul, M., Bryla, M,
Roszko, M., Kieliszek, M., Din, A., & Aadil, R. M. (2022). Uncovering
the industrial potentials of lemongrass essential oil as a food
preservative: A review.  Antioxidants,  11(4), 720.
https://doi.org/10.3390/antiox11040720

FDA (Food and Drug Administration). (2014). Guidance for
industry: Assessing the effects of significant manufacturing
process changes, including emerging technologies, on the safety
and regulatory status of food ingredients and food contact
substances, including food ingredients that are color additives
(Docket No. FDA-2011-D-0490).
https://www.fda.gov/regulatory-information/search-fda-
guidance-documents/guidance-industry-assessing-effects-
significant-manufacturing-process-changes-including-emerging.

Flérez, M., Guerra-Rodriguez, E., Cazén, P., & Vazquez, M. (2022).
Chitosan for food packaging: Recent advances in active and
intelligent films. Food  Hydrocolloids, 124, 107328.
https://doi.org/10.1016/j.foodhyd.2021.107328

Garcia-Guzman, L. Cabrera-Barjas, G. Soria-Herndndez, C.,
Castafio, ], Guadarrama-Lezama, A., & Rodriguez-Llamazares, S.
(2022). Progress in starch-based materials for food packaging

applications. Polysaccharides.
https://doi.org/10.3390/polysaccharides3010007

Gcabashe, N. H,, Silue, Y, & Fawole, O. A. (2026). Innovative
approaches for enhancing the stability and functionality of
essential oils in food systems: A Critical and bibliometric review.
Plants, 15(12), 1811. https://doi.org/10.3390/plants15121811

Godoy-Gallardo, M., Eckhard, U., Delgado, L. M., de Roo Puente, Y. .
D., Hoyos-Nogués, M,, Gil, F. ], & Perez, R. A. (2021). Antibacterial
approaches in tissue engineering using metal ions and
nanoparticles: From mechanisms to applications. Bioactive
Materials, 6(12), 4470-4490.
https://doi.org/10.1016/j.bioactmat.2021.04.033

Hamed, R,, Obeid, R, & Abu-Huwaij, R. (2023). Plant mediated-
green synthesis of zinc oxide nanoparticles: An insight into
biomedical  applications. = Nanotechnology = Reviews,  12.
https://doi.org/10.1515/ntrev-2023-0112

Havelaar, A. H,, Kirk, M. D., Torgerson, P. R, Gibb, H. ], Hald, T,,
Lake, R. ], Praet, N., Bellinger, D. C,, de Silva, N. R, Gargouri, N.,
Speybroeck, N., Cawthorne, A., Mathers, C,, Stein, C., Angulo, F. ], &
Devleesschauwer, B. (2015). World Health Organization Global
Estimates and Regional Comparisons of the Burden of Foodborne
Disease in 2010. PLoS Medicine, 12(12), e1001923.
https://doi.org/10.1371/journal.pmed.1001923

Ho, C.-T. (1992). Phenolic Compounds in Food: An overview. In C.
T. Ho, C. Y. Lee, & M. T. Huang (Eds.), Phenolic Compounds in Food
and Their Effects on Health II (pp. 2-7). American Chemical Society
Publications. https://doi.org/10.1021/bk-1992-0507.ch001

Hyldgaard, M., Mygind, T., & Meyer, R. L. (2012). Essential oils in
food preservation: mode of action, synergies, and interactions
with food matrix components. Frontiers in Microbiology, 3, 12.
https://doi.org/10.3389/fmicb.2012.00012

Kalaiyarasi, M., Mani, M., Harikrishnan, R., Bharathiraja, N., &
Kumar, J. K. (2025). Synthesis of plant mediated ZnO
nanoparticles of Tribulus terrestris extract and optical, functional,
structural, morphological, microbial, and dielectric analysis.
Applied Organometallic Chemistry, 39.
https://doi.org/10.1002/aoc.70216

Kazemi, S., Hosseingholian, A., Gohari, S. D., Feirahi, F., Moammeri,
F., Mesbahian, G, Moghaddam, Z. S., & Ren, Q. (2023). Recent
advances in green synthesized nanoparticles: from production to
application. Materials Today Sustainability, 24, 100500.
https://doi.org/10.1016/j.mtsust.2023.100500

Khan, S.,, Abdo, A. A, Shu, Y, Zhang, Z., & Liang, T. (2023). The
extraction and impact of essential oils on bioactive films and food
preservation, with emphasis on antioxidant and antibacterial
activities—a review. Foods, 12(22), 4169.
https://doi.org/10.3390/foods12224169

Lourengo, S. C., Molddo-Martins, M. & Alves, V. D. (2019).
Antioxidants of natural plant origins: From sources to food
industry applications. Molecules, 24(22), 4132.
https://doi.org/10.3390/molecules24224132



Luo, Q. Hossen, M. A, Zeng, Y, Dai, ], Li, S, Qin, W,, & Liu, Y.
(2022). Gelatin-based composite films and their application in
food packaging: A review. Journal of Food Engineering, 313,
110762. https://doi.org/10.1016/j.jfoodeng.2021.110762

Majowicz, S. E., Colston, J. M., Kirk, M. D., Pires, S. M., Minato, Y.,
Founou, L. L. Devleesschauwer, B., ... Kosek, M. (2026). WHO
estimates of the global, regional, and national burden of 14
foodborne diarrhoeal enteric hazards, 2000-21: An updated data
synthesis. The Lancet Global Health, 14(8), 103997.
https://doi.org/10.1016/j.1anglo.2026.103997

Makinde, O. M,, Ayeni, K. 1., Sulyok, M., Krska, R., Adeleke, R. A, &
Ezekiel, C. N. (2020). Microbiological safety of ready-to-eat foods
in low-and middle-income countries: A comprehensive 10-year
(2009 to 2018) review. Comprehensive Reviews in Food Science
and Food Safety, 19(2), 703-732. https://doi.org/10.1111/1541-
4337.12533

Mayegowda, S. B., Sarma, G. Gadilingappa, M. N, Alghamdi, S.,
Aslam, A., Refaat, B., Almehmadi, M., Allahyani, M., Alsaiari, A. A.,
Aljuaid, A, & Al-Moraya, 1. S. (2023). Green-synthesized
nanoparticles and their therapeutic applications: A review. Green
Processing and Synthesis, 12(1). https://doi.org/doi:10.1515/gps-
2023-0001

McNeilly, 0., Mann, R, Hamidian, M., & Gunawan, C. (2021).
Emerging Concern for silver nanoparticle resistance in
Acinetobacter baumannii and other bacteria. Frontiers in
Microbiology, 12, 652863.
https://doi.org/10.3389 /fmicb.2021.652863

Metha, C., Pawar, S., & Suvarna, V. (2024). Recent advancements in
alginate-based films for active food packaging applications.
Sustainable Food Technology, 2(5), 1246-1265.
https://doi.org/10.1039/d3fb00216k

Mika, M. Antonczyk, A, & Wikiera, A. (2023). Influence of
synthetic antioxidants used in food technology on the
bioavailability and metabolism of lipids - in vitro studies. Polish
Journal  of Food and  Nutrition Sciences, 95-107.
https://doi.org/10.31883 /pjfns/161366

Mittal, A. K, Kumar, S., & Banerjee, U. C. (2014). Quercetin and
gallic acid mediated synthesis of bimetallic (silver and selenium)
nanoparticles and their antitumor and antimicrobial potential.
Journal of Colloid and Interface Science, 431, 194-199.
https://doi.org/10.1016/j.jcis.2014.06.030

Munekata, P. E. S., Gullén, B., Pateiro, M., Tomasevic, I, Dominguez,
R.,, & Lorenzo, J. M. (2020). Natural antioxidants from seeds and
their application in meat products. Antioxidants, 9(9).
https://doi.org/10.3390/antiox9090815

Nicolae-Maranciuc, A. & Chicea, D. (2025). Polymeric systems as
hydrogels and membranes containing silver nanoparticles for
biomedical and food applications: Recent approaches and
perspectives. Gels, 11(9). https://doi.org/10.3390/gels11090699

Nieva-Echevarria, B.,, Manzanos, M. ]., Goicoechea, E., & Guillén, M.
D. (2015). 2,6-Di-Tert-Butyl-Hydroxytoluene and Its metabolites
in foods. Comprehensive Reviews in Food Science and Food Safety,
14(1), 67-80. https://doi.org/10.1111/1541-4337.12121

Food Safety and Packaging

Nostro, A., & Papalia, T. (2012). Antimicrobial activity of carvacrol:
current progress and future prospectives. Recent Patents on Anti-
Infective Drug Discovery, 7(1), 28-35.
https://doi.org/10.2174/157489112799829684

Oroian, M., & Escriche, 1. (2015). Antioxidants: Characterization,
natural sources, extraction and analysis. Food Research
International, 74, 10-36.
https://doi.org/10.1016/j.foodres.2015.04.018

Osman, A. I, Zhang, Y., Farghali, M., Rashwan, A. K., Eltaweil, A. S,,
Abd El-Monaem, E. M., Mohamed, I. M. A, ... Yap, P.-S. (2024).
Synthesis of green nanoparticles for energy, biomedical,
environmental, agricultural, and food applications: A review.
Environmental Chemistry Letters, 22(2), 841-887.
https://doi.org/10.1007/s10311-023-01682-3

Pangli, H.,, Vatanpour, S., Hortamani, S., Jalili R, & Ghahary, A.
(2021). Incorporation of silver nanoparticles in hydrogel matrices
for controlling wound infection. Journal of Burn Care & Research,
42(4), 785-793. https://doi.org/10.1093/jbcr/iraa205

Qi, M., Wang, X,, Chen, J,, Liu, Y,, Liu, Y,, Jia, J., Li, L., Yue, T., Gao, L.,
Yan, B, Zhao, B., & Xu, M. (2023). Transformation, absorption and
toxicological mechanisms of silver nanoparticles in the
gastrointestinal tract following oral exposure. ACS Nano, 17(10),
8851-8865. https://doi.org/10.1021/acsnano.3c00024

Qu, X, Wang, X, Guan, W,, Zhao, Y., & Li, J. (2023). Progress of
curcumin in food packaging: A review. Food and Bioprocess
Technology, 17, 2973 - 2997. https://doi.org/10.1007/s11947-
023-03242-7

Ranade, T., Sati, A, Pratap, A, & Mali, S. (2025). Curcumin-
integrated biopolymer films for active packaging: current trends
and future directions. Chemical Papers, 79, 1-32.
https://doi.org/10.1007 /s11696-025-03892-1

Rios, J.-L. (2016). Essential oils: What they are and how the terms
are used and defined. In V. R. Preedy (Ed.), Essential Oils in Food
Preservation, Flavor and Safety (pp. 3-10). Academic Press.
https://doi.org/10.1016/B978-0-12-416641-7.00001-8

Roy, S., Priyadarshi, R, Ezati, P., & Rhim, ]. W. (2022). Curcumin
and its uses in active and smart food packaging applications - a
comprehensive  review. Food Chemistry, 375, 131885.
https://doi.org/10.1016/j.foodchem.2021.131885

Roy, S., Priyadarshi, R, Lopusiewicz, L., Biswas, D., Chandel, V., &
Rhim, J. W. (2023). Recent progress in pectin extraction,
characterization, and pectin-based films for active food packaging
applications: A review. International Journal of Biological
Macromolecules, 239, 124248.
https://doi.org/10.1016/j.ijbiomac.2023.124248

Sarkhel, S., Kaur, S, Das, R, Sharma, A., Kheto, A.,, Saha, D, &
Kumar, Y. (2026). Antimicrobial active packaging with
biopolymers and natural extracts: sustainable solutions and
technological challenges. Sustainable Food Technology, 4(2), 1225-
1261. https://doi.org/10.1039/d5fb00689a



Y. Basar et al. (2026)

Sekhon, B. S. (2010). Food nanotechnology - an overview.
Nanotechnology,  Science  and  Applications, 3,  1-15.
https://doi.org/10.2147 /nsa.s12187498

Singh, H.,, Desimone, M. F.,, Pandya, S., Jasani, S., George, N., Adnan,
M., Aldarhami, A, ... Alderhami, S. A. (2023). Revisiting the green
synthesis of nanoparticles: uncovering influences of plant extracts
as reducing agents for enhanced synthesis efficiency and its
biomedical applications. International Journal of Nanomedicine,
18,4727-4750. https://doi.org/10.2147 /ijn.S419369

Somasundaram, K., & Edamana, P. (2015). Sequential detection of
Fe3* and As3* ions by naked eye through aggregation and
disaggregation of biogenic gold nanoparticles. Analytical Methods,
7,168-174. https://doi.org/10.1039/C4AY02342K

Stormer, A, Bott, ], Kemmer, D., & Franz, R. (2017). Critical review
of the migration potential of nanoparticles in food contact plastics.
Trends in Food Science & Technology, 63, 39-50.
https://doi.org/10.1016/j.tifs.2017.01.011

Tekeli, S., Erenler, R, Yildiz, 1., & Basar, Y. (2026). Unveiling the
bioactive potential of Medicago lupulina flowers: LC-ESI-MS/MS
phytochemical  profiling, potentiometric  biosensor-based
antioxidant evaluation, and in silico COX-2 inhibition. Flavour and
Fragrance Journal, 41(4), 988-1001.
https://doi.org/10.1002/ffj.70094

Temel, I, Dénmez, M. F,, Basar, Y., & Bag, F. (2026). Antibacterial
activity of Thuja orientalis essential oil against some tomato
pathogens and determination of inhibitory properties of major
compounds by molecular docking. Journal of Essential Oil Bearing
Plants, 29(1), 287-302.
https://doi.org/10.1080/0972060X.2026.2614373

Tilley, A., McHenry, M. P., McHenry, J. A, Solah, V., & Bayliss, K.
(2023). Enzymatic browning: The role of substrates in polyphenol
oxidase mediated browning. Current Research in Food Science, 7,
100623. https://doi.org/10.1016/j.crfs.2023.100623

Umaru, U, Okoro, H. K, & Adegoke, H. I. (2026). Green-
synthesized metal and metal-oxide nanomaterials for pesticide
removal: Synthesis, strategies, mechanistic insights, performance
evaluation, and scale-up prospects. Next Materials, 13, 103145.
https://doi.org/10.1016/j.nxmate.2026.103145

Van der Zande, M., Vandebriel, R. ], Van Doren, E., Kramer, E.,
Herrera Rivera, Z. Serrano-Rojero, C. S., Gremmer, E. R, ..
Hollman, P. C. (2012). Distribution, elimination, and toxicity of
silver nanoparticles and silver ions in rats after 28-day oral
exposure. ACS Nano, 6(8), 7427-7442.
https://doi.org/10.1021/nn302649p

Vijayaram, S. Razafindralambo, H. Sun, Y.-Z. Vasantharaj, S.
Ghafarifarsani, H., Hoseinifar, S. H., & Raeeszadeh, M. (2024).
Applications of Green synthesized metal nanoparticles — a

Review. Biological Trace Element Research, 202(1), 360-386.
https://doi.org/10.1007/s12011-023-03645-9

Vilela, C., Kurek, M., Hayouka, Z., Rocker, B,, Yildirim, S., Antunes,
M., Nilsen-Nygaard, J., ... Freire, C. (2018). A concise guide to
active agents for active food packaging. Trends in Food Science &
Technology, 80. https://doi.org/10.1016/j.tifs.2018.08.006

Wang, H, Qian, ], & Ding, F. (2018). Emerging chitosan-based
films for food packaging applications. Journal of Agricultural and
Food Chemistry, 66(2), 395-413.
https://doi.org/10.1021/acs.jafc.7b04528

Yas, C., Dilmen, H., Gok, M. & Basar, Y. (2026). Insecticidal
potential of essential oils from Origanum onites, Lavandula
angustifolia, and Foeniculum vulgare against Agonoscena pistaciae:
Integrated in vitro and in silico approaches. Chemistry &
Biodiversity, 23(5), e03318.
https://doi.org/10.1002/cbdv.202503318

Yenigiin, S., Basar, Y., Demirtas, I, Ozen, T., Sunyar, B, Yigit, A,
Yildiz, I, & Alma, M. H. (2026). Enhanced bioactivity of pyrolysis
liquid and AgNPs from Capparis sicula subsp. sicula: Chemical
characterization and mechanistic insights. Chemistry &
Biodiversity, 23(1), e02773.
https://doi.org/10.1002/cbdv.202502773

Yigit, A, Basar, Y., Yenigiin, S., Alma, M. H,, Karacali Tung, A., & Tel,
A.Z.(2025). Extracts and silver nanoparticles from different parts
of Rheum ribes: Characterization, in vitro antibacterial, and
antioxidant activities, and in silico molecular dynamics studies.
Anatolian Journal of Botany, 9(2), 114-126.
https://doi.org/10.30616/ajb.1654542

Yildirim, S., Récker, B., Pettersen, M. K., Nilsen-Nygaard, J., Ayhan,
Z., Rutkaite, R., Radusin, T., ... Coma, V. (2018). Active packaging
applications for food. Comprehensive Reviews in Food Science and
Food Safety, 17(1), 165-199. https://doi.org/10.1111/1541-
4337.12322

Zhang, L. & Piao, X. (2023). Use of aromatic plant-derived essential
oils in meat and derived products: Phytochemical compositions,
functional properties, and encapsulation. Food Bioscience, 53,
102520. https://doi.org/10.1016/j.fbio.2023.102520



