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ABSTRACT

Studies using plant-based extracts as reducing agents contribute to the synthesis of non-toxic, environmentally friendly, and
economically viable metallic nanoparticles (MNPs) as an alternative to traditional chemical reduction procedures. While the
synthesized nanostructures stand out with unique features depending on the metal type, they commonly share properties such
as antimicrobial activity. This review presents a comprehensive overview of recent advances in green-synthesized MNPs using
plant extracts. It highlights the latest research on their applications in food packaging, as food additives, and as antimicrobial
agents targeting pathogens. Furthermore, this paper discusses the toxicological aspects, safety concerns, and limitations of green-
synthesized MNPs. Most studies indicate that these on biosynthesized nanomaterials are safe for use as novel food ingredients;
however, further in vitro and in vivo investigations are still required to fully establish their safety and efficacy.
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BITKISEL EKSTRAKTLAR ILE YESIL SENTEZLENEN METALIK
NANOPARTIKULLER VE BUNLARIN GIDA UYGULAMALARI: BIR DERLEME

Oz

Bitki bazli ekstraktlari indirgeyici ajan olarak kullanan calismalar, geleneksel kimyasal indirgeme prosedtrlerine alternatif olarak
toksik olmayan, cevre dostu ve ekonomik olarak uygulanabilir metalik nanopartikillerin (MNP'ler) sentezlenmesine 6nemli
anlamda katki saglamaktadir. Sentezlenen bu nanoyapilar, metal tiirline bagl olarak, genellikle antimikrobiyal ajanlar olarak
gbrev yapma gibi ortak 6zellige sahiptitler. Bu derlemede, bitki bazli ekstraktlar kullanilarak yesil sentezlenen MNP'ler hakkinda
giincel ¢alismalar kapsamlt bir sekilde aciklanmaktadir. Ozellikle bu nanopartikiillerin gida ambalajinda ve patojenlere karst gida
katki maddesi ve antimikrobiyal ajan olarak kullanimiyla ilgili son calismalar derlenmistir. Ayrica, yesil sentezlenmis MNP'lerin
toksikolojisi, giivenilitligi ve kullanimlarindaki sinirlamalar da tartisilmustir. Biyosentezlenmis MNP'ler tizerine yapilan caligmalarin
o6nemli bir ¢ogunlugu, bu nanomalzemelerin yeni bir gida bileseni olarak kullaniminin giivenilir oldugunu gostermekte olsa da bu
nanopartikillerin givenli ve etkili kullanimlari icin daha fazla in vitro ve in vivo ¢alismaya ihtiya¢ duyulmaktadir.

Anahtar kelimeler: Nanoteknoloji, giimiis nanopartikiller, titanyum dioksit, nanosensérler, akilli ambalaj
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INTRODUCTION

Nanotechnology is a specialized field of scientific research focused
on the fabrication, manipulation, and characterization of matter at
the nanoscale, typically ranging from 1 to 100 nm, to generate
innovative materials with remarkable properties (Alharbi et al.,
2022; Bayda et al., 2020). Nanoscale metals, due to their smaller
size and larger surface area compared to their bulk counterparts,
exhibit unique characteristics driven by surface and interface
effects, as well as quantum effects. These nanoscale metals find
broad applications in diverse fields such as biology, medicine, and
food technology (Ying et al., 2022; Zhao et al., 2010).

Two fundamental approaches, top-down and bottom-up, are
used to synthesize nanomaterials with the desired size, shape,
and functionality (Singh et al., 2018). The bottom-up approach
involves biological techniques employing plants, microorganisms,
and other biological agents to build nanostructures from atoms
or smaller entities (Alharbi et al., 2022). Conversely, the top-down
method relies on physical processes such as mechanical pressure,
evaporation, electrical, and radiation energy to breakdown of bulk

materials into nano-sized particles (Aboyewa et al., 2021).

Green synthesis of nanoparticles (NPs) through living cells and
biological pathways has emerged as a highly effective technique,

producing greater quantities compared to conventional methods

(Aboyewa et al., 2021). This evolving and straightforward method
attracts researchers due to its advantages including low toxicity,
environmental friendliness, and cost-effectiveness compared to
traditional physical methods that are expensive, time-consuming,
and energy-intensive (Alharbi et al., 2022), as well as chemical
methods that often use toxic reagents (Zhang et al,, 2010).
Common metallic nanoparticles (MNPs) synthesized by green
materials include Silver (Ag), iron (Fe), copper (Cu), platinum (Pt),
gold (Au), palladium (Pd), copper oxide (CuO), iron oxide (FeO),
zinc oxide (ZnO), silicon dioxide (SiO,) and titanium dioxide
(TiO,) (Aboyewa et al., 2021).

Recently, extracts from different plant parts such as roots, seeds,
leaves, flowers, and fruits have become increasingly popular
for MNP synthesis (Figure 1). Alongside plant extracts, various
biological organisms have been explored in green synthesis
(Figure 2), including fungi (Guilger-Casagrande and Lima, 2019),
yeast (Skalickova et al., 2017), bacteria (Saravanan et al., 2018),
and microalgae (Mukherjee et al., 2021). While microbes offer
advantages over plants and other physical or chemical methods,
their use required controlled isolation, culturing, skilled personnel,
and often longer processing and response times (Jeevanandam
et al,, 2022). Plants, being abundant and diverse in nature, are
generally easier to access and thus are frequently featured in

research (Alharbi et al., 2022).
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Figure 1. Schematic of the synthesis of metal nanoparticles using plant extracts
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Figure 2. The green synthesis of nanoparticles using biological agents

Addressing human health and environmental sustainability is a
global priority. Green synthesized MNPs hold immense promise
for tackling environmental challenges while protecting human
health. Some metallic NPs play vital roles in water purification,
waste reduction, and environmental remediation, while some
others are employed in therapeutics, medical diagnostics, and
drug delivery. In the food sector, MNPs, specifically Au, Pd,
Pt, Cu, Ag, Fe, CuO, FeO, ZnO, SiOz, and TiO are utilized as
food additives, and in food packaging and storage to enhance
properties like antimicrobial activity, and gas barrier capabilities
(Hebbar et al., 2020). Silver nanoparticles are the most widely
used due to their well-documented antimicrobial effects.
Magnesium (Mg) is common in dietary supplements, while
silicon dioxide and titanium dioxide are applied as protective
coatings and in environmental treatment agents for air and water

purification. Additionally, a wide variety of nanomaterials such

as Ag, Ca, and Au has also applications in health supplements
(Vance et al., 2015).

Recent studies have successfully synthesized MNPs using
plant-based extracts, including black currant pomace (AgNPs),
Croton sparsiflorus leaf (AuNPs), Camellia sinensis leaf
(PANPs), Moringa oleifera fruit (FeNPs), Peganum harmala
seed (PtNPs) and Millettia pinnata leaf (ZnONPs) (Boomi et
al., 2020; Fahmy et al., 2021; Jegadeesan et al., 2019; Lebaschi et
al,, 2017; Sandhya et al., 2023; Vorobyova et al., 2020).

This study presents a comprehensive review of recent
developments in the green synthesis of MNPs using plant-
based extracts. It further discusses the toxicological aspects,
safety considerations and food-related limitations of these
green-synthesized MNPs. Moreover, the latest research on

their applications in food packaging, as food additives, and
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as antimicrobial agents against foodborne pathogens is

comprehensively examined.

PRODUCTION OF MNPs USING PLANT-BASED
EXTRACTS

The standard green synthesis of MNPs involves the reduction
of metal ions by reducing agents derived from plant-based
bioproduct extracts. These extracts, sourced from both edible
and inedible waste parts of plants, contain various biomolecules
such as proteins, pigments, and other organic compounds that
serve as capping agents, playing a crucial role in the stabilizing
the nanoparticles (Abdel-Shafy and Mansour, 2018). Phenolic
compounds, known for their free radical scavenging ability
and antioxidant properties, act as reducing agents, enable the
formation of MNPs and potentially replacing synthetic materials
(Aswathi et al., 2023; Vijayaram et al., 2024). Comprehensive
phytochemical characterization studies are required to identify

bioactive compounds responsible for nanoparticle synthesis

and to better understand their reducing capabilities within the
plant extracts. For example, Saha et al. (2023) reported that the
majority of the organic compounds present on the surface of
MNPs originated from green coffee bean extract and coupled
with nanoparticles during the reduction process. Similarly,
Mali et al. (2020) demonstrated that copper nanoparticles were
stabilized with flavonoids and other phenolic compounds of
Celastrus paniculatus leaf extracts. Moreover, the reducing
strength of plant-based extracts is linked to their antioxidant
activities, where a higher concentration of antioxidant content
indicates a greater reductive potential of the extract (Vorobyova
et al., 2020).

A wide range of metallic nanostructures has been green-
synthesized using extracts from various plant-based products.
The key properties and application of commonly studied metal
and metal oxide NPs commonly are briefly discussed in Table
1.

Table 1. Green synthesized MNPs by plant-based extracts

Nanoparticles  Plant-based sources Shape Size (nm) References

Ag Mpyrsine africana leaf Spherical, oval 28 (Sarwer et al., 2022)

Ag Allium Sativum Qower Spherical 20-35 (Velsankar et al., 2020)
Ag Justica wynaadensis leaves Crystalline 30-50 (Lava et al., 2020)

Ag Morus alba 1. mulberry fruit Spherical 80-150 (Razavi et al., 2020)

Ag Ginger root extract Hexagonal, spherical 15 (Yadi et al., 2022)

Ag Allinm ampeloprasum leat Spherical 12-47 (F. Zhang et al., 2023)
Ag Berberis astatica root Spherical 10 (Dangi et al., 2020)

Ag Gymnema sylvestre leaf Spherical 20-30 (Gomathi et al., 2020)
Au Croton sparsiflorns leaf Spherical 16-200 (Boomi et al., 2020)

Au Croton Caudatus Geisel leaf Spherical 20-50 (Vijaya Kumar et al., 2019)
Au Cinnamon bark Spherical 35 (ElMitwalli et al., 2020)
Pt Peganum harmala seed Spherical 20 (Fahmy et al., 2021)

Pd Camellia sinensis leaf Spherical 5-8 (Lebaschi et al., 2017)
Pd Lithodora hispidula (Sm.) Griseb leaf Rod 22 (Turunc et al., 2017)

Pd Peganum harmala seed Spherical 23 (Fahmy et al., 2021)
ZnO Agzadirachta indica leat Crystallite 52 (Igbal et al., 2021)

ZnO Citrus microcarpa Quasi-spherical 20-65 (Villegas-Fuentes et al., 2023)
Fe Terminalia bellirica Spherical 21 (Jegadeesan et al., 2019)
Fe Moringa oleifera fruit Irregular 45 (Jegadeesan et al., 2019)
CuO Eucabptus Globoulus leaf Quasi-spherical 85 (Alhalili, 2022)

CuO Epbhedra Alata Spherical 10-16 (Atri et al., 2023)

Cu Celastrus paniculatus Willd leaf, Spherical 2-10 (Mali et al., 2020)
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Table 1. Continued

Cu Millettia pinnata lower Spherical 13-35 (Thiruvengadam et al., 2019)
ZnO Millettia Pinnata leaf Spherical, crystalline 17 (Sandhya et al., 2023)

ZnO Tanner’s Cassia flower Spherical 60 (Padmasree et al., 2023)
SiO, Rhus coriaria 1. Amorphous 55 (Rahimzadeh et al., 2022)
TiO, Tinospora cordifolia Crystalline 15 (Saini and Kumar, 2023)

Ag silver; Fe: iron; Cu: copper; Pt: platinum; Pd: palladium; Au: gold; ZnO: zinc oxide; CuO: copper oxide; SiO,: silicon dioxide; TiO,: titanium

dioxide

Silver nanoparticles (AgINPs)

AgNPs are among the most extensively researched MNPs due
to their broad applications in food industry and biomedicine.
Their biological activities include antimicrobial effects against
bacteria, viruses, and fungi, as well as anti-inflammatory,
antioxidant, anticancer, and anti-diabetic properties. (Lava
et al, 2020; Velsankar et al., 2020). Although the detailed
mechanisms of AgNPs’s antibacterial activities are not fully
elucidated, it is suggested that AgNPs may adhere to bacterial
cell walls, impairing membrane permeability and, eventually,
cell respiration. This interaction influenced by the negatively
charged bacterial cell surface, leads to protein denaturation and
ultimately cell death (Chung et al., 2016; Kanchi and Ahmed,
2018).

The synthesis of AgNPs generally involves mixing plant extract
with a silver ion solution, where the formation of AgNPs is
indicated by a color change from yellow to various shades of
brown (Widatalla et al., 2022). Numerous studies document
the green synthesis of AgNPs from different plant sources
and their corresponding characteristics (Kanchi and Ahmed,
2018). Velsankar et al. (2020) reported that Alimm sativum
flower extract produced spherical, crystalline AgNPs sized
20-35 nm, characterized by multiple instrumental techniques.
AgNPs with extract of black currant pomaces effectively
inhibited pathogenic organisms such as Gram-negative bacteria
Escherichia coli (Vorobyova et al., 2020). Firdhouse and Lalitha
(2016) demonstrated that the biosynthesized AgNPs from
various plants disclosed excellent antibacterial effects against .
coli, Salmonella paratyphi, Staphylococcus anrens, and Bacillus subtilis.
Similarly, AgNPs produced with Forsythia suspensa fruit water
extract showed antibacterial activity against several food-borne
pathogens (Du et al., 2019). Additionally, AgNPs synthesized
trom Mentha crispa L. leaf extract have been successfully applied
in the treatment of dye-contaminated wastewater, yielding

positive outcomes (Dinh et al., 2023).

Regarding antidiabetic potential, AgNPs synthesized using
Tephrosia tinctoria root extract inhibited carbohydrate digesting
enzymes (x-glucosidase and a-amylase) and enhanced glucose
uptake in cells more effectively than the root extract alone.
However, their antioxidant effect was lower than that of
extract by itself (Rajaram et al.,, 2015). Furthermore, AgNPs
derived from Alium cepa (onion) displayed significantly greater
o -amylase inhibition activity than the acarbose, a standard
antidiabetic drug, in all the tested concentration (Jini and
Sharmila, 2020). AgNPs synthesized from aqueous leaf
extract of Ocimum americanum (Hoary Basil) also demonstrating
promising in vitro antibacterial, antioxidant, anticancer, and

photocatalytic reduction activities (Manikandan et al., 2021).

Gold nanoparticles (AulNPs)

Plant-based extracts have long been employed as reducing and
stabilizing agents in the green synthesis of gold nanoparticles
(AuNPs). This process typically involves of mixing gold
ion solutions with plant extracts, resulting in characteristics
color change to reddish, indicating the formation of AuNPs
(Arunachalam and Annamalai, 2013). The creation of AuNPs
occurs rapidly through bioaccumulation, where metal ions
are quickly reduced immediately of metal absorption and
localization processes that are significantly faster than many
alternative methods (Kanchi and Ahmed, 2018).

AuNPs have received significant attention among all MNPs
due to their high potential for use in medicine and biology
(Jain et al., 2000), attributed to their strong scattering and
absorption properties, biocompatibility, controlled cytotoxicity
(Babu et al.,, 2011; ElMitwalli et al., 2020), low toxicity, and
muscle relaxant effects (Jadoun et al,, 2021). In the food
industry, AuNPs are utilized in packaging and storage to inhibit
foodborne pathogens through their antibacterial, antifungal,
and antioxidant activities. Additionally, they enhance packaging
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characteristics such as mechanical strength, water vapor
permeability, freshness indicators, and antibacterial protection
(A. Kumar et al., 2021).

Islam et al. (2019) synthesized AuNPs using Salix alba L. leaf
extract and examined their under different pH and sodium
chloride concentrations, and elevated temperatures. They
reported that phytochemical coating on AuNPs influence
their stability across different environments, demonstrating
high stability in acidic media but reduced stability as the pH

increases.

Mycotoxins, toxic secondary metabolites produced by fungi
such as Aspergillus, Fusarium, and Penicillinm species (Goyal et
al., 2016) contaminate oilseeds, grains, nuts, spices, and coffee
(Negash, 2018). Bhardwaj et al. (2020) leveraged AuNPs to
anchor signal amplification and generate plasmonic resonant
coupling between nanoparticles and chip surfaces, developing
a surface plasmon resonance-based nanosensor for detecting
aflatoxin in wheat. The AuNP-modified chip effectively detected
Aflatoxin B1 at an impressive limit of 0.003 nM, significantly
surpassing the bare self-assembled Au chip’s detection limit
of 0.19 nM. Moreover, AuNPs synthesized using leaf extracts
trom Croton Candatus Geise/ (Vijaya Kumar et al., 2019), Salix
alba L. (Islam et al., 2019) and Croton sparsiflorus (Boomi et al.,
2020) have demonstrated varied biological activities, including
antinociceptive and muscle relaxant effects, cytotoxicity, and

anticancer properties.

Copper (CuNPs) and copper oxide nanoparticles (CuONPs)
Copper (Cu) and its compounds have long been utilized for
disinfecting human tissues, liquids, and solids. Copper is widely
applied as an antibiotic, antifouling, fungicide, algaecide, and
water purifier (Perelshtein et al., 2009).

Several plant extracts have been employed in the biosynthesize
of CuNPs, such as the stem latex of Euphorbia nivulia plant
(Valodkar et al., 2011), Eucalyptus sp. leaf (Kolekar etal., 2015),
and Cymbopogon citratus (Brumbaugh et al., 2014). Recently,
Atri et al. (2023) synthesized CuONPs using an aqueous
extract of Ephedra Alata as a reducing agent. Their results
showed that these biosynthesized CuO-NPs are effective in
eradicating pathogenic bacteria such as B. su#btilis and S. aureus,
degrading dyes, and acting as antifungal agent against Candida
albicans. Additionally, CuNPs synthesized with ethanolic extract
of Kigelia africana fruit displayed promising antibacterial and
antifungal activities (Alao et al., 2022).

Palladium nanoparticles (PdANPs) and platinum nanoparticles
(PtNPs) Pd and Pt are valuable, high density metals that can
efficiently catalyze numerous chemical processes and frequently
employed in medical diagnostics, catalysts, and biosensors. The
production of PdNPs and PtNPs using herbal extracts has
been extensively studied due to their unique properties, such
as ligand-free catalysis. These NPs exhibit antibacterial activity
against both Gram-negative and Gram-positive microorganisms

(Siddiqi and Husen, 2016).

There are many studies on plant-based extracts regarding the
successful production of PANPs, Cinnamonum Camphora leat
(Yang et al., 2010), Stachys lavandulifolia tea (Veisi et al., 2015),
Hippophae rhammnoides Linn leaf (Nasrollahzadeh et al., 2015),
Euphorbia granulateleat (Nasrollahzadeh and Mohammad Sajadi,
2016), Rosa canina fruit (Veisi et al., 2016), Camellia sinensis black
tea leaves (Lebaschi et al.,, 2017). For the green synthesis of
PtNPs, various extracts have been used, such as Prunus yedoensis
tree gum (Velmurugan et al., 2010), and Al-Madina dates (Al-
Radadi, 2019).

Although Pt-group metal complexes are commonly used as
anticancer drugs, they can be toxic to normal cells. In contrast,
biosynthesized Pd and Pt NPs are non-toxic due to the presence
of capping and stabilizing phytochemicals. Several studies have
reported the effectiveness of these functionalized NPs in cancer
treatment and their potential as nano-drugs (Al-Radadi, 2019;
Fahmy et al., 2021; Sonbol et al., 2021). Considered a new and
promising alternative to overcome drug resistance, the unique
nanospecific properties of PtNPs and PANPs may offer new
possibilities for clinical therapy. Sonbol et al. (2021) synthesized
PdNPs using a one-step, cost-effective, and eco-friendly green
approach with extract from Padina boryana, a brown algae.
They highlighted the potential role of biosynthesized PANPs
in the effective clinical management of multi-drug resistant

pathogens and breast cancer cells.

Iron (FeNPs) and iron oxide nanoparticles (FeONDPs)

Iron nanoparticles (FeNPs) and iron oxide nanoparticles
(FeONPs) differ from conventional iron and iron oxides in
several physical and chemical properties that infleuce their
absorption, biodistribution, and elimination (Paunovic et
al., 2020). In recent years, FeNPs have attracted significant
attraction due to their strong magnetic properties, exceptional
responsiveness to magnetic fields, catalytic activity, and unique

features such as stability and biocompatibility (Tan et al., 2023).
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Many plant-based extracts have been used for the biosynthesis
of FeNPs. For example, Terminalia chebula fruit extract served
as as both a reducing and capping agent in green synthesis of
FeNPs, offering an alternative to chemical methods requiring
hazardous agents, and toxic organic solvents (Mohan Kumar et
al., 2013). Naseem and Farrukh (2015) used leaf extracts from
Lawsonia inermis and Gardenia jasminoides for synthesizing of
FeNPs, which showed strong inhibition of S. aureus and E. coli,
indicating their potential for medical and pharmacological use.
Another study employed Trigonella foenunr-graecum seed extract
for FeNPs synthesis applied in photocatalytic degradation of
methyl orange dye and antibacterial activity (Radini et al., 2018).
Machado et al. (2015) explored 26 plant species including
avocado, apple, apricot, cherry, eucalyptus, kiwi, lemon, medlar,
mandarin, mulberry, olive, orange, oak, passion fruit, pear,
plum, pine, peach, pomegranate, quince, raspberry, strawberry,
tea-green, tea-black, vine, and walnut for zero-valent FeNPs
synthesis. Among these, pomegranate and mulberry leaf
extracts produced the smallest NPs (5-10 nm), while apple,
pine, and plum leaf extracts yielded the largest NPs ¢ 100 nm).
Additionally, Jegadeesan et al. (2019) synthesized FeNPs using

fruitand leaf extracts from Terminalia bellirica and Moringa oleifera.

FeNPs fall into three main categories: FeO, FeO hydroxides, and
nanoscale zero-valent Fe. They are widely used for removing
chemical substances such as pesticides, dyes, pharmaceutical
wastes, and heavy metal ions like nickel, lead, and chromium,
owing to their high reactivity and surface-to-volume ratio
(Mahto et al., 2018). Mohamed et al. (2023) synthesized green
FeONPs using clove and green coffee extracts to remove
heavy metals (Cd** and Ni**) from water. These FeONPs also
demonstrated antibacterial activity against both S. aureus and
E. coli, alongside effective heavy metal adsorption. Devatha et
al. (2016) produced FeNPs for domestic wastewater treatment
using leaf extracts from Magnolia champaca, Murraya Koenigii,
Mangifera indica, and Agzadiracta indica. Green synthesized zero-
valent FeNPs derived from grape seed extract demonstrated
promising low-cost, eco-friendly applications with and high

decolorization efficiency (Gao et al., 2016).

Titanium dioxide nanoparticles (TiO,NPs)

Titanium dioxide (TiO,), also known as “titanium white”, with
particles sizes ranging from 0.1 to 1.0 um, was once considered
safe for the human body due to its low solubility in water and

lack of absorption in the gastrointestinal tract (Gmoshinski et

al., 2019). TiO, NP have been extensively studied as disinfectants
and were previously used as food additives. TiO,NPs (E171)
were commonly incorporated into bioactive materials as anti-
caking agents, food colorings, and flavor enhancers, and were
often added to foods such as gum, puddings, and candy (He et
al.,, 2019). However, in 2021, the European Commission banned
TiO, as a food additive (Younes et al., 2021). In contrast, many

other countries have not imposed restrictions on its use.

Saini and Kumar (2023) synthesized TiO,NP using a cost-
effective, and eco-friendly green method with an extract from
Tinospora cordifolia. They indicated the successful enhancement
of photocatalytic activity and excellent antibacterial effects of
the biosynthesized nanoparticles. Another study by Almaimani
(2023) reported that Pluronic F-127-coated TiO,NP obtained
from extracts of _Atractylodes macrocephala leat exhibited

antioxidant, antimicrobial, and anticancer properties.

Besides antibacterial properties to the active film, TiO, also
acts as a crosslinking agent, enhancing the film's mechanical
strength, barrier performance, and other chemical and physical
characteristics. TiO, gives the active film ethylene scavenging
capacity, which is essential for extending the shelf life of
food (Siripatrawan and Kaewklin, 2018). Due to its minimal
TiO, migration, the composite film is considered suitable for
food packaging applications. This property has been further
improved through various studies (Lian et al., 2016; Lin et al.,
2014).

Zinc oxide nanoparticles (ZnONPs)

ZnONPs have drawn considerable attention in the biomedical
field such as antidiabetic, antibacterial (Igbal et al., 2021),
anticancer, and antifungal activities (Sandhya et al., 2023).
Numerous studies have reported the green synthesis of ZnO
nanoparticles using plants, microorganisms, and other sources,

similar to other metallic nanoparticles (Jadoun et al., 2021).

Padmasree et al. (2023) described the green synthesis of
ZnONPs using Tanner’s Cassia flower extract and demonstrated
their antibacterial activity against E. co/i using the disc diffusion
method. Similarly, ZnONPs biosynthesized with Millettia
Pinnataleaves extract showed strong antibacterial activity against
Bacillus globigii and E. coli, as well as antifungal activity Aspergillus
niger. These nanoparticles also exhibited anticancer properties
(Sandhya et al., 2023). Moreover, chitosan composite films

incorporated with varying amounts of ZnONPs were prepared
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to improve the mechanical properties of chitosan, as well as its
antibacterial activity. The addition of ZnONPs enhanced the
chitosan films' tensile strength and elongation at break while
reducing light transmission. During a 15-day preservation
period, chitosan films containing 0.6% ZnONPs successfully
inhibited cherry tomato respiration and displayed strong
antibacterial activity against E. coli and S. aureus, common
foodborne pathogens (Li et al., 2021).

Silicon dioxide nanoparticles (SiO,NPs)

SiO,NPs have been utilized across various sectors due to
their excellent and tunable chemical, physical, and mechanical
properties, as well as their low toxicity, biocompatibility, high
porosity, large specific surface area, and ease of modification
(P. Sharma et al., 2022).

In terms of stability, thermal characteristics, and surface area, a
study comparing green synthesis and chemical methods found
that SiO,NPs synthesized Rhus coriaria L. extract outperformed
chemically produced SiO,NPs. This improvement is attributed
to the green synthesis approach enhances stability, improves
thermal properties, and increases surface area (Rahimzadeh et
al., 2022).

TOXICOLOGY AND SAFETY OF BIOSYNTHESIZED
MNPS

The biosynthesis of MNPs has emerged as a viable and
environmentally friendly alternative to conventional chemical
methods. Using biological systems such as microorganisms,
algae, and plants to synthesize MNPs has several advantages,
particularly from a toxicological safety perspective (Ahmed et
al., 2022). This biosynthesis approach typically involves simple,
cost-effective, and eco-sustainable techniques. The employment
of biological agents in the reduction and stabilization processes
eliminates the need for energy-intensive and ecologically
hazardous operations common in conventional methods. Such
sustainable production is consistent with global initiatives to
mitigate the environmental impact of nanomaterial production
(A. Saravanan et al., 2021).

Biosynthesized MNPs exhibit reduced toxicity and improved
compatibility with biological tissues, making them suitable
for various biomedical applications where biocompatibility is
critical, such as drug delivery, imaging, and treatments (Kanchi
and Ahmed, 2018).

Ensuring the safety of food additives is a top priority in the
food industry. Biosynthesized MNPs perform better than their
conventionally manufactured counterparts due to their lower
toxicity. Their environmentally friendly synthesis pathways,
frequently using plant extracts, reduce reliance on toxic
chemicals, meeting both customer expectations for safer food
products and regulatory requirements (Hebbar et al., 2020).
Moreover, biosynthesized MNPs possess unique antibacterial
and antioxidant properties, offering the potential to enhance
food quality and extend shelf life. These green NPs effectively
combat harmful microorganisms, reducing the dependence on
chemical preservatives, supporting the development of more

natural and safer food products (S. Sharma et al., 2019).

LIMITATIONS OF MNPs

Nanotechnology has steadily made their way into the agriculture
and food sectors, offering various benefits throughout the food
chain. However, the use of nanoparticles raises concerns about
potential adverse effects on consumer health related to their

physicochemical properties and toxicological impacts (Das et

al., 2009).

The reliability of MNPs is crucial in food-related applications
such as food additives, antimicrobial agents against foodborne
pathogens, and food packaging enhancements. Consequently,
biosynthesized MNPs, particularly those derived from plant
extracts are non-toxic and environmentally benign, have
attracted widespread attention. Various biosynthesized MNPs
with anti-microbial (Alao et al., 2022; Sonbol et al., 2021),
antioxidant (Lava et al., 2020; Thiruvengadam et al., 2019),
anticancer (Boomi et al., 2020; Sonbol et al., 2021), anti-diabetic
(Velsankar et al., 2020), and anti-inflammatory (Lava et al.,
2020) characteristics have been demonstrated in researches.
Despite these advantages, the direct effect of these nanoscale
particles on living organisms have been investigated through
in vivo and in vitro studies, leading to regulations in various

countries (Schoonjans et al., 2023).

Some studies have reported that TiIO2ZNPs can cause DNA
damage (Jugan et al,, 2012; Song et al., 2016). Kanchi and
Ahmed (2018) highlighted that AgNPs hold excellent prospects
for different applications in various sectors like biomedicine,
including cell imaging, drug delivery, and implants. However,
they emphasized the need for further research o analyze the
in vivo toxicity of AgNPs and their precise effects on humans

and animals.
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Regulatory bodies such as EFSA (European Food Safety
Authority) and FDA (Food and Drug Administration) provide
important guidelines for the use of metal nanoparticles in foods.
In 2021, the European Commission banned TiO2 (E171) as a
food additive (Younes et al., 2021). Conversely, the FDA permits
the use of TiO, as a food colorant, provided its content does
not exceed a specified percentage by weight (FDA-CER - Code
of Federal Regulations Title 21, 2023). The EFSA Panel on
Food Additives and Nutrient Sources also reassessed the safety
of FeO (E172) and hydroxides used as food additives, but
concluded that a comprehensive safety assessment could not

be carried out due to insufficient biological and toxicological

data (EFSA, 2015).

Based on current studies and regulatory information, the use
of many NPs at certain doses in food processes is generally
considered safe. However, concerns remain regarding direct
consumption at specific levels, long-term exposure and
potential bioaccumulation in the human body. Therefore,
extensive large-scale in vivo toxicological studies are necessary

to better assess the safety of biosynthesized MNPs.

FOOD APPLICATIONS OF MNPs
Nanomaterials offer a fresh viewpoint on food systems since
their distinct physiochemical and biological characteristics

compared to their bulk counterparts. This advancement

the

nanotechnology is increasingly applied in areas such as emulsion

is transforming food processing industry, where

preparation, encapsulation, and targeted delivery.

Particularly green-produced MNPs have received considerable
interest for their roles in food additives, food-packaging
development, and control of foodborne pathogenic
microorganisms (Adeyemi and Fawole, 2023; Pathakoti et al.,
2017). Several studies show that incorporating MNPs in food
can extend shelf life, increase the bioavailability of essential
nutrients, create new smart packaging solutions, and promote
food traceability for better monitoring during storage and
transportation (S. Sharma et al., 2019). Table 2 shows selected

research on the use of MNPs in food applications.

Food additives

NPs can be employed in food processing to improve nutritional
quality, texture, flavor, color, and stability, as well as to extend
shelf life and protect beneficial components such as aroma
compounds, vitamins, and antimicrobials (Gémez and Madrid,
2019). Although the usage of MNPs was previously limited,
recent research has expanded their application through green
synthesis techniques employing biological extracts regarded
non-toxic, thereby contributing to their utilization in food

processing (Adeyemi and Fawole, 2023).

Table 2. The use of MNPs in food applications

Nanoparticles Other Applications Applied on food Results / Effects References
components products
Ag Polyetherimid Gas nanosensor Salmon, Color change was ob- (Ryspayeva et al., 2018)
(PE]) for intelligent . served in AgNPs-PEI
packaging Chicken, films after 20 hours
Turkey, for salmon, chicken,
and turkey, and after 60
Beef hours for beef.
Ag Carboxymethyl Film for preserv- Kinnow fruit (Cizrus Fruit aroma and sen- (Shah et al, 2016)
cellulose (CMC), ing aroma volatile retzculata) sory quality of kinnow
Guar gum components coated with films con-

taining CMC and guar

gum-based AgNPs
were preserved for 120
days at 4°C.
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Table 2. Continued

196

Ag Sodium Film for preserva- Banana
carboxymethyl tion against mold
cellulose growth
(Na-CMC)

SiO, Schiff’s reagent Colorimetric Milk
nanosensors for
monitoring food
quality

Au - Biosensor for Af- Wheat
latoxin B1 detec-
tion

ZnO
Chitosan Film for food

preservation

Metal oxide-based NPs such as SiO2NPs (E551), are commonly
employed in bioactive materials as anti-caking agents and food
flavor carriers. Additionally, CuO nanoparticles can be used as
nutritional dietary supplements at concentrations below 2%
by weight of the food (He et al., 2019). Phue et al. (2022)
studied the effect of the common food additive TiO NPs
on the allergenicity of milk proteins, including casein and
B-lactoglobulin, as well as skim milk. The results revealed that
interaction between TiO NPs and milk proteins in skim milk

led to an increased allergenicity.

Food packaging

Packaging plays a crucial role in the food industry by extending
shelf life, improving handling and protecting from physical and
chemical damage during storage or transport. As customers'
awareness of healthy and safe foods grows, researchers are

focusing on advanced packaging materials that maintain the

Cherry tomatoes

While no mold growth
was observed in banana
blocks coated with Na-
CMC-AgNPs  based
film during the 5-day
storage period, molds
appeared on the third
day in samples coated
with AgNPs-free films.
Milk spoilage occurred
at 32, 60, and 84 h at 19,
15, and 13 °C, respec-
tively, and could be de-

(Goh et al., 2023)

(Ziyaina et al., 2019)

tected colorimetrically.
The AuNPs modified

Au chip was successful-
ly utilized for Aflatoxin
B1 detection ranging
from 0.01 to 50 nM
with a limit of detec-

tion of 0.003 nM.

(Bhardwaj et al., 2020)

The chitosan-ZnONPs
composite film showed
activity
Alieyelobacillns
acidoterrestris, Staphylococ-

(Li et al., 2021)

antibacterial
against

cus aureus, Escherichia coli,
and Salmonella.

quality and sensory attributes. Nanomaterials-based sensors
have become a prominent trend in active and smart packaging
applications, enabling real-time monitoring of food quality (He
et al.,, 2019).

Compared to traditional materials, nanomaterials designed
for food packaging offer enhanced antimicrobial and barrier

features. These materials can act as barriers to gases and
distribute
antioxidants, and antibrowning agents, ultimately prolonging
the shelf life even after packaging is opened (Sekhon, 2010).
Antimicrobial packaging, which leverages nanotechnology,
plays a major role in increasing microbiological safety and
extending product shelf life (Duncan, 2011). Nanosensors
detect both internal conditions (like microbial growth or
chemical change) and external environmental
(such as temperature and humidity), helping monitor
food quality throughout the production, transportation,
and final sale (Neethirajan and Jayas, 2011).

moisture, flavors, colors, enzymes,

factors
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An optical sensor based on polyetherimide and AgNPs was
created to monitor color changes in meat (beef, turkey, chicken,
and salmon). The polyetherimide/AgNPs films changed color
after exposure to gaseous spoilage products within 20 to 60
hours, indicating freshness (Ryspayeva et al., 2018). N. Kumar
et al. (2014) developed a simple and sensitive colorimetric
method for the detection of melamine in milk using AuNPs.
Melamine was hypothesized to be capable of causing AuNPs
aggregation and the consequent color shift from red to blue/
violet, detectable by the naked eye. Jayakumar et al. (2019)
reported that pH-sensing polyvinyl alcohol (PVA)-starch films,
fabricated with phytochemicals and ZnONPs, show promising
potential for food packaging applications. Biosynthesized
AgNPs from Moringa oleifera leaf extract coated on low-
density polyethylene films offer enhanced food safety by
preventing microbial contamination (Chougule et al., 2021).
Similarly, AgNPs synthesized using Nymphae odorata extract
incorporated into sodium alginate films inhibited S. aureus
and E. coli at very low concentrations (Gudimalla et al., 2021).
Edible films based on carboxymethyl cellulose (CMC) and guar
gum containing AgNPs extend the shelf-life and retain the
quality of kinnow mandarin during 120 days of storage at 4 °C
(Shah et al., 20106). The addition of AgNPs to Na-CMC-coated
banana blocks prevented mold growth during 5 days of storage,
demonstrating enhanced storage stability compared to Na-
CMC alone (Goh et al., 2023). CuNPs produced using Ocimum
sanctum leaf extract were incorporated into cellulose-based
film matrix, exhibiting strong antibacterial activity against .
coli. These biodegradable composite films are suitable for food
packaging and medical applications (Sadanand et al., 2010).

Auntinicrobial agents against foodborne pathogens

Nanotechnology has significantly advanced the detection
and control of foodborne pathogens, addressing limitations
of traditional methods that are often labor-intensive, time-
consuming, and require specialized equipment and expertise.
Nanotechnology applications facilitate the rapid detection
of harmful substances, controlled release of preservatives to
extend shelf life, and the development of innovative food

packaging solutions that improve safety.

For example, Lotha et al. (2018) demonstrated that AgNPs
synthesized from purified plant extracts effectively inhibited

biofilm formation by various foodborne pathogens such as

Enterococcus faecalis, B. subtilis, S. aurens, E. coli, Salmonella typhi,
Psendomonas aeruginosa, and Enterobacter cloacae. Similatly, AuNPs
produced using extracts from medicinal plants Cueurbita pepo and
Malva crispa exhibited inhibitory effects against Gram-negative

E. coli and Gram-positive Listeria monocytogenes (Chandran et al.,
2019).

CONCLUSION

Green synthesis techniques using plant-mediated biological
extracts have become highly significant due to their non-
toxic, environmentally friendly, and cost-effective nature.
Biosynthesized MNPs produced by these methods have
attracted substantial attention because they bypass the use of
hazardous chemicals typically involved in conventional synthesis.
Research demonstrates that these nanoparticles possess diverse
bioactivities=including antibacterial, antioxidant, anticancer,
antidiabetic, and anti-inflammatory properties=as well as

environmental applications such as wastewater purification.

The advantageous features of MNPs have facilitated their

application in the food business, and various studies are now
underway in this area. MNPs are used as antibacterial agents
against foodborne and other pathogenic microbes, as additives
to enhance shelf life, flavor, and other quality attributes in food
processing, and as advanced components in food packaging
by providing antibacterial and barrier properties that preserve

food and extend shelf life.

incorporating biosynthesized MNPs have enabled smart, active

Recent packaging innovations

packaging solutions that better monitor and protect food from

spoilage.

Despite demonstrated benefits, fewer studies have focused
explicitly on green-synthesized MNPs in food applications
compared to those produced by conventional routes. However,
the available evidence suggests that green-synthesized MNPs
offer distinct advantages such as reduced toxicity, eco-
friendliness, and economic feasibility, making them safer
alternatives for broader application in the food sector. This
emerging research area holds great promise for advancing safer,

more sustainable food technologies.

This review supports fostering further investigation into

biosynthesized MNPs’ safe and effective use in food systems,
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aiming to validate their advantages and promote their integration

into commercial food products and packaging.
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