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Abstract

Background and Aim: The green synthesis of silver nanoparticles (AgNPs) using plant
extracts has emerged as a sustainable, economical, and eco-friendly alternative to conventional
chemical and physical approaches. This narrative review links the phytochemical composition
of plant extracts (polyphenols, flavonoids, tannins, terpenoids, alkaloids, proteins, and
reducing sugars) to the physicochemical properties of the resulting AgNPs; compares plant
parts, extraction conditions, and reaction parameters; and critically evaluates food-related
applications, particularly antimicrobial packaging, together with reproducibility, safety,
toxicity, migration, and regulatory considerations.

Material and Methods: The literature was searched in Web of Science, Scopus, and Google
Scholar for the period from 2002 to 2026, using combinations of the following keywords:
“green synthesis,” “silver nanoparticles,”
packaging,” “migration,” and “toxicity
Results and Conclusion: Characterization of plant extracts (e.g., HPLC, LC-MS, GC-MS,
NMR, total phenolic and flavonoid assays) and characterization of AgNPs (UV-Vis, XRD,
FTIR, TEM, SEM, DLS/zeta potential, and XPS where applicable) answer different questions
and should be reported separately; a color change alone is not sufficient evidence of
nanoparticle formation. Green-synthesized AgNPs show antimicrobial, antioxidant,
anticancer, wound-healing, biosensing, environmental, and food-packaging potential, but most
of the evidence is in vitro. Lack of standardization, batch-to-batch variability of extracts,
limited control over particle size and shape, and scarce data on long-term toxicity and
migration remain the main barriers to industrial and food-contact use. Standardized protocols,
chemically characterized extracts, and comprehensive safety evaluation are required before
large-scale application.

“plant extract,” “phytochemicals,” “food
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What is “already known”:

o Silver nanoparticles (AgNPs) are widely used in drug delivery, biosensing, wound
healing, and environmental applications owing to their antimicrobial and optical
properties.

e Conventional chemical and physical synthesis routes are energy-intensive and rely on
hazardous reagents that generate toxic waste.

e Plant extracts rich in phytochemicals can act as both reducing and stabilizing agents in
the green synthesis of AgNPs.

What this article adds:

e Phytochemical classes are linked to AgNP size, shape, and stability.

e Plant parts, extraction conditions, and reaction parameters are compared.

e Extract and AgNP characterization are treated as separate analytical levels.

e Food applications are critically assessed, especially antimicrobial packaging.

e Reproducibility, migration, toxicity, and regulatory gaps limit food-contact use.
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1. INTRODUCTION

Nanotechnology is a broad interdisciplinary field of
research, development, and industrial activities that has
been rapidly growing worldwide over the past decade [1].
Metallic nanoparticles, especially silver nanoparticles
(AgNPs), due to their very high surface-to-volume ratio
and unique physical, chemical, and biological properties—
including high specific surface area, excellent optical
characteristics, and strong antimicrobial activity—have
become one of the most widely used materials in various
fields, including drug delivery, cancer therapy, tissue
engineering,  biosensors,  wound  healing, and
environmental technologies [2,3]. Reducing the size to the
nanoscale increases the active surface area. It enhances
reactivity, such that these nanoparticles are able to exhibit
significant antimicrobial and optical effects even at low
concentrations [4].

The antibacterial and antiviral activity of AgNPs is
mainly attributed to the disruption of the cell membrane
and interference with metabolic processes [5,6]. The high
chemical stability of these nanoparticles allows their use in
biological, aqueous, and polymeric environments [7]. Their
optical properties arise from surface plasmon resonance
(SPR), which provides wide applications in optical sensors
and bioimaging [8].

However, conventional methods for producing AgNPs,
which rely on chemical and physical approaches, have
serious limitations, including high energy consumption, the
use of hazardous reducing and stabilizing agents, the
generation of toxic waste, and the potential for biological
toxicity, especially in medical applications [9].

Meanwhile, the green synthesis of silver nanoparticles
has emerged as a sustainable and environmentally friendly
approach [10]. The use of biological resources, especially
plant extracts, rich in phytochemicals such as polyphenols,
flavonoids, terpenes, alkaloids, and tannins, provides the
possibility of reducing silver ions, natural stabilization, and
controlling the morphology of nanoparticles [11,12]. Plant
extracts may act both as reducing agents and as stabilizing
agents in nanoparticle synthesis [13]. These compounds
may not only help prevent aggregation and oxidation of the
particles, but also influence the size, shape, and biological
properties of the nanoparticles [14,15]. This is because
different extracts contain varying concentrations and
compositions of organic reducing agents [16].

This review differs from other articles by focusing on
the following specific aspects: linking phytochemical
classes to the physicochemical properties of silver
nanoparticles (AgNPs), including size, shape, and stability;
comparing plant parts, extraction conditions, and reaction
parameters; critically evaluating food-related applications,
particularly antimicrobial packaging and nanoparticle
migration; discussing reproducibility and standardization;
and integrating considerations of safety, toxicity,
regulations, and food contact. Accordingly, the review is
organized around three main axes: (i) evaluation of some
compounds in plant extracts and their role in the reduction
process, stabilization, and morphology control of AgNPs;
(ii) a detailed review of synthesis pathways, influential
parameters, and methodological differences in producing
silver nanoparticles using plant extracts, including their
relevance to food nanotechnology; and (iii) an examination
of biotechnological, biomedical, and food-related
applications, together with an analysis of safety issues,
existing challenges ,and limitations. Finally, the review
summarizes the current state of research on the use of
nanotechnology in food systems and identifies the evidence
gaps that must be closed before food-contact application.

2. METHODOLOGY: LITERATURE
SEARCH STRATEGY

This article is a narrative (non-systematic) review and is
not presented as a systematic review. The literature was
searched in Web of Science, Scopus, and Google Scholar
for the period from 2002 to 2026, using combinations of
the following keywords: “green synthesis,” “silver
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packaging,” “migration,” and “toxicity.”

Inclusion criteria: (1) Peer-reviewed English-language
research and review articles; (2) studies reporting the
synthesis, characterization, or applications of plant-
mediated AgNPs; and (3) studies providing
characterization data, such as UV-Vis spectroscopy,
TEM/SEM, XRD, DLS, and FTIR.

Exclusion criteria: (1) Articles lacking characterization
data; (2) conference abstracts; (3) studies based on non-
plant biological sources; and (4) non-English articles.

After removing duplicate records, titles and abstracts
were screened, followed by a full-text assessment of the
eligible articles.
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3. MECHANISTIC PRINCIPLES OF THE
GREEN SYNTHESIS OF AGNPS

The green synthesis of silver nanoparticles using plant
extracts is generally described as involving three
mechanistic stages: reduction, nucleation, and growth and
stabilization (Fig. 1) [9].

Fig. 1. Schematic illustration of the green synthesis
process of silver nanoparticles (AgNPs) using plant extract,
including the reduction, nucleation, and final growth and
stabilization stages.

In the reduction stage, specific bioactive compounds
present in plant extracts reduce Ag* ions to metallic silver
(Ag®). The rate of this process depends on the type and
concentration of reducing compounds, temperature, and
the pH of the medium [4,15].

The nucleation stage involves the aggregation of silver
atoms to form initial nuclei. The size and number of these
nuclei influence the final nanoparticle size [1].

In the growth and stabilization stage, the nuclei grow
and are coated by extract constituents that limit
agglomeration and support colloidal stability. For example,
polyphenols are often proposed to control the growth rate,
At the same time, proteins and other biomolecules are

thought to form protective layers that enhance the stability
and biological properties of the nanoparticles [7].

A precise understanding of this mechanism enables
prediction of nanoparticle behavior and optimization of
synthesis to achieve particles with desired size and
morphology, which is essential for biotechnological
applications and materials engineering [9,10].

4. NANOBIOTECHNOLOGY AND PLANT
EXTRACTS IN SILVER NANOPARTICLE
SYNTHESIS

4.1. The Role of Phytochemicals in
Silver Nanoparticle Synthesis

Plant extracts contain a diverse set of secondary
metabolites such as flavonoids, polyphenols, tannins,
terpenes, alkaloids, proteins, amino acids, reducing sugars,
and vitamins, each of which is reported to contribute to the
reduction, nucleation, growth, and stabilization stages of
AgNP formation [1,10].

Therefore, precisely identifying of the major
phytochemical compounds and their functions is essential
for designing controlled synthesis and producing AgNPs
with optimal quality and performance [4,13].

(c) Growth and stabilization

(a) Reduction (b) Nucleation

AgNP core (AgP)
Capping / stabilizing layer

AgNO; solution Reaction parameters
- - - Temperature r 1
pH - Time - [AgNO;]
¢
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Fig.1. Schematic illustration of the green synthesis process of silver nanoparticles (AgNPs) using plant extract, including the reduction,
nucleation, and final growth and stabilization stages.
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4.2. Main Phytochemical Groups and
Their Roles in Reduction and
Stabilization

4.2.1. Polyphenols and flavonoids
Polyphenols and flavonoids are considered the most

important reducing compounds in plant extracts; with their
multiple hydroxyl groups, they have a high capacity for
electron transfer. This property allows the reduction of Ag*
ions to metallic silver (Ag®) through the formation of
temporary complexes [3,11]. In addition to their reducing
role, these compounds are thought to act as stabilizing
agents by adsorbing onto the surface of nanoparticles and
limiting aggregation, and this surface coating can increase
colloidal stability and yield nanoparticles of small size and
uniform morphology [2,4].

4.2.2. Tannins
Tannins, high-molecular-weight phenolic compounds,

are reported to play a dual role in the synthesis of silver
nanoparticles; their multiple hydroxyl groups facilitate the
reduction of Ag* ions while simultaneously forming a
protective coating on the surface of nanoparticles [15]. This
feature ensures the production of AgNPs with long-term
stability, small size, and uniform dispersion, and tannins,
especially in extracts with high phenolic content, play a key
role in controlling nanoparticle morphology [2].

4.2.3. Alkaloids
Alkaloids, which often possess active nitrogen-

containing structures, mainly interact with Ag* ions as
stabilizing ligands. Although a slight reducing role has
been observed in certain plant species [12,13], their main
function is thought to be surface stabilization of
nanoparticles; this characteristic may enable the formation
of particles with specific morphology and long-term
stability [10].

4.2.4. Terpenes and terpenoids
Terpenes and terpenoids, major components of essential

oils and plant extracts, are reported to act as biological
reducing agents and to convert Ag* ions into metallic silver
(Ag®) through electron transfer [10]. The presence of these
compounds in aromatic plants is often associated with the
formation of non-spherical morphologies such as triangular
or polyhedral nanoparticles, and in addition to their

reducing role, they may contribute to stabilization by
forming a surface coating [12].

4.2.5. Proteins and amino acids
Proteins and amino acids present in plant extracts form

complexes with Ag* ions and, after reduction to Ag®, are
believed to act as natural coatings on the surface of
nanoparticles [7, 16]. The —NH,/-NH;* and —-COOH
groups in amino acids can enhance colloidal stability and
reduce particle aggregation, which may provide long-term
stability and improve functional properties such as
antimicrobial activity and drug-delivery capability of the
nanoparticles [5,13].

4.2.6. Reducing sugars and vitamins
Reducing sugars such as glucose and vitamin C

(ascorbic acid) can reduce Ag* ions to metallic silver (Ag®)
without producing toxic compounds [15,16]. Although
their reducing power is generally lower than that of
polyphenols and tannins, they may play a complementary
role in some extracts and contribute to initial nanoparticle
stabilization; their contribution is probably most relevant in
extracts with low phenolic content [2].

Table. 1. Summary of plants used in the green synthesis
of silver nanoparticles, including scientific names, utilized
plant parts, probable active compounds, and reported
nanoparticle sizes based on various references, which have
been investigated by several researchers.

4.3. Analytical Techniques: Plant-
Extract Characterization versus AgNP
Characterization

Analytical techniques used in plant-mediated AgNP
synthesis provide complementary information and should
be selected according to the material being investigated.
Importantly, characterization of the plant extract and
characterization of the synthesized nanoparticles represent
two distinct analytical levels and should therefore be
reported and interpreted separately. Extract-level analysis
identifies the phytochemical constituents potentially
involved in silver-ion reduction and nanoparticle
stabilization, whereas nanoparticle-level characterization
determines the physicochemical properties of the resulting
AgNPs [43,44].
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Table 1. Summary of plants used in the green synthesis of silver nanoparticles, including scientific names, utilized plant parts, probable
active compounds, and the reported nanoparticle sizes based on various references, which have been investigated by several researchers.

No.  Plant (Scientific Name) Plant Part Probable Active Compounds Reported Nanoparticle References
Size
1 Aloe vera Leaf Polysaccharides, proteins, 30-80 nm [16]
vitamins
2 Azadirachta indica (Neem) Leaf Flavonoids, Terpenoids 20-40 nm [17]
3 Carica papaya Leaf Alkaloids, flavonoids, phenols 10-50 nm [18]
4 Cassia tora Seed Anthraquinones, flavonoids, 55-65 nm [19]
naphthopyrans
5 Citrus limon (Lemon) Fruit peel Ascorbic acid, flavonoids, 60 nm [20]
phenols
6 Eucalyptus globulus Leaf Tannins, phenols 18-23 nm [21]
7 Mentha piperita (Peppermint)  Leaf Menthol, flavonoids, phenols 20-23 nm [22]
8 Punica granatum Seed/Peel Polyphenols, tannins, flavonoids ~ 10-35nm [23]
(Pomegranate)
9 Ziziphora tenuior(Tyme) Fruit Carvacrol, phenols, flavonoids 2040 nm [24]
10 Psidium guajava (Guava) Leaf Flavonoids, phenols, tannins 10-20 nm [25]
11 Camellia sinensis (Green tea)  Leaf Polyphenols 10-30 nm [26]
12 Zingiber officinale (Ginger) Rhizome Terpenoids, phenols 20-40 nm [27]
13 Achillea biebersteinii(yarrow)  Leaf Phenols, flavonoids 15-35nm [28]
14 Rosmarinus officinalis Leaf Flavonoids, essential oils 12-30 nm [29]
(Rosemary)
15 Lavandula Leaf Linalool, linalyl acetate 20-50 nm [30]
officinalis(Lavender)
16 Spearmint Leaf Carvone, flavonoids, phenols 15-35 nm [31]
17 Cinnamomum zeylanicum) Bark Cinnamaldehyde, polyphenols, 20-70 nm [32]
(Cinnamon) tannins
18 Nigella sativa (Black seed) Seed Thymoquinone, fatty acids, 10-12 nm [33]
alkaloids
19 Berberis vulgaris (Barberry) Fruit Anthocyanins, phenols, alkaloids  30-60 nm [34]
20 Lawsonia inermis (Henna) Leaf Lawsone, polyphenols, 20-50 nm [35]

flavonoids

4.3.1. Characterization of plant extracts

HPLC and HPLC-MS/LC-MS: These techniques are
widely used for the separation, identification, and
quantification of non-volatile phytochemicals, particularly
phenolic compounds, flavonoids, and other secondary
metabolites. HPLC provides chromatographic profiles and
quantitative information, while coupling with mass
spectrometry enables more reliable identification based on
molecular mass and fragmentation patterns [10]. This
information can help establish relationships between
extract composition and AgNP formation [45].

GC-MS: Gas chromatography—mass spectrometry is
particularly suitable for volatile and thermally stable
compounds, including terpenes, terpenoids, and other low-
molecular-weight constituents [1]. It can provide a detailed
chemical profile of volatile components that may

contribute to the reducing or stabilizing capacity of the
extract [46].

NMR: Nuclear magnetic resonance spectroscopy
provides structural information about major metabolites
and can be used to characterize relatively abundant
compounds in plant extracts. It may also provide
information about molecular interactions between
phytochemicals and nanoparticle surfaces when
appropriate experimental approaches are applied. NMR is
therefore valuable for investigating the molecular
mechanisms  underlying  reduction and  surface
functionalization [47].

Total Phenolic and Total Flavonoid Assays:
Colorimetric methods such as the Folin—Ciocalteu assay
provide rapid estimates of the total phenolic content, while
aluminum chloride-based assays are commonly used for
total flavonoid estimation [39]. These measurements can
serve as useful indicators of the overall reducing potential

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).
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of an extract; however, they are non-specific and should
not be considered substitutes for compound-specific
chromatographic analysis [48,49].

TLC: Thin-layer chromatography is a rapid and
relatively inexpensive screening technique for separating
major classes of plant metabolites. Although its
quantitative and structural resolution is limited compared
with HPLC or LC-MS, TLC can be useful for preliminary
comparison of extracts and monitoring changes in
phytochemical profiles [50].

4.3.2. Characterization of AgNPs

UV-Vis Spectroscopy: UV-Vis spectroscopy is
commonly used as an initial method for monitoring AgNP
formation through the characteristic surface plasmon
resonance (SPR) band. For many approximately spherical
AgNP dispersions, the SPR maximum occurs within the
approximate range of 400-460 nm. However, the position
and width of the band depend on particle size, shape,
aggregation, and the surrounding medium. Therefore, UV—
Vis provides evidence of nanoparticle formation and
information about optical behavior but cannot
independently confirm crystallinity, exact particle size,
morphology, or purity [51].

X-Ray Diffraction (XRD): XRD is used to determine
the crystalline structure of AgNPs and identify the
characteristic reflections of metallic silver with a face-
centered cubic (FCC) structure [44,47]. The diffraction
pattern can also provide information about crystallinity
and, when appropriate models are applied, an estimate of
crystallite size. However, crystallite size obtained from
XRD should not be directly equated with the physical
particle diameter measured by electron microscopy
[51,52].

Fourier-Transform Infrared Spectroscopy (FTIR):
FTIR identifies functional groups associated with organic
molecules present on the nanoparticle surface and can
provide evidence for their involvement in reduction or
capping processes [4]. Comparison of the spectra of the
original extract and purified AgNPs can help identify
changes in functional groups associated with nanoparticle
formation. FTIR, however, generally provides functional-
group-level  information  rather than  definitive
identification of individual phytochemicals [53].

TEM and SEM-EDX: Transmission electron
microscopy (TEM) provides high-resolution information

on nanoparticle size, shape, morphology, and aggregation
state, making it particularly useful for determining the
primary particle size distribution [9,47]. Scanning electron
microscopy (SEM) provides complementary information
on surface morphology and particle distribution. When
coupled with energy-dispersive X-ray spectroscopy
(EDX), these techniques can also confirm the presence and
elemental composition of silver. Sample preparation and
aggregation should be considered when interpreting
microscopy-based size measurements [54].

DLS and Zeta Potential: Dynamic light scattering
(DLS) determines the hydrodynamic diameter of
nanoparticles dispersed in a liquid and is useful for
evaluating particle aggregation and colloidal behavior [6].
The hydrodynamic diameter generally exceeds the particle
diameter measured by TEM because it includes the
associated solvent layer and surface-associated molecules.
Zeta-potential measurements provide an indicate of surface
charge and electrostatic colloidal stability, although
stability may also depend on steric and other interparticle
interactions [55].

X-Ray Photoelectron Spectroscopy (XPS): XPS
provides surface-sensitive information on elemental
composition and chemical states. In AgNP systems, it can
help distinguish metallic Ag® from oxidized silver species
such as Ag* or Ag,O and characterize the chemical
environment of surface-associated elements. This
technique is particularly useful for investigating surface
chemistry and oxidation processes [56].

Thermogravimetric Analysis (TGA): TGA measures
changes in sample mass as a function of temperature and
can be used to estimate the organic fraction associated with
the nanoparticle surface [47]. In plant-mediated AgNPs,
this information can provide an approximate indication of
the amount of phytochemical or other organic capping
material present. TGA results should be interpreted
carefully because different organic components may
decompose over overlapping temperature ranges [57].

A visible color change in the reaction mixture, typically
from pale yellow to brown, can serve as an initial indicate
of AgNP formation due to changes in optical properties
associated with surface plasmon resonance. However,
color change alone is insufficient to confirm nanoparticle
formation or determine their physicochemical properties.
At minimum, complementary evidence from techniques
such as UV-Vis, XRD, and electron microscopy should be
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considered. Similar multi-technique characterization
strategies have also been applied to plant-mediated gold
nanoparticles [36]. Overall, integrating extract-level
phytochemical analysis with comprehensive nanoparticle
characterization  provides a stronger basis for
understanding the mechanisms of plant-mediated
synthesis, correlating phytochemical composition with
nanoparticle properties, and developing more reproducible
and controlled AgNP production processes[51,52].

4.4. Influence of Plant Diversity on the
Properties of Silver Nanoparticles

The diversity of plants causes the nanoparticles
synthesized from each extract to exhibit different
characteristics. Extracts rich in flavonoids have frequently
been associated with smaller AgNPs of uniform dispersion,
as these compounds may enhance nucleation rates and
control particle growth [1,10].

Soluble proteins in the extracts may increase the
colloidal  stability of nanoparticles and reduce
agglomeration, while aromatic plants rich in terpenes and
terpenoids have been reported to yield nanoparticles with
diverse morphologies such as polyhedral or triangular
particles [12, 10]. This biological diversity offers the
potential to engineer AgNP properties [2].

5. GREEN SYNTHESIS PATHWAYS OF
SILVER NANOPARTICLES AND
INFLUENTIAL PARAMETERS

Fig.2. Schematic overview of the plant-mediated green
synthesis of silver nanoparticles (AgNPs), covering the
topics discussed in Section 4: (1) plant source and its
characteristic phytochemicals (leaves, roots/rhizomes,
bark/stem, flowers, fruits, and seeds); (2) extraction
conditions (solvent, temperature, time, particle size, pH,
and solid-to-liquid ratio) and their effect on the
composition of the plant extract, including reducing and
stabilizing/capping agents; and (3) the synthesis stages
(reduction, nucleation, growth, and stabilization), reaction
parameters (pH, temperature, [AgNOs], extract amount,
reaction time, and light intensity), assisted synthesis
methods (ultrasound, microwave, photo-mediated, and
hybrid), and separation and purification.

5.1. Classification of Synthesis
Methods Based on Plant Source Type

The choice of the plant part used as the extract source
plays a fundamental role in determining phytochemical
content and reducing capability of the extract [1,10], and
consequently influences the final characteristics of the
synthesized AgNPs, including particle size, morphology,
stability, and uniformity [4,13].

5.1.1. Leaves
Leaves, due to their high concentration of polyphenols,

flavonoids, and vitamin C, are often capable of producing
very small and highly stable AgNPs [4,6]. Additionally,
leaves are the most common source in green nanoparticle
synthesis because of their easy availability, simple
extraction, and rich bioactive content. Even slight
variations in leaf type or extraction conditions can
significantly affect nanoparticle size, uniformity, and
functional activity [1, 10].

5.1.2. Roots and rhizomes
Roots and rhizomes, which often contain high levels of

alkaloids, saponins, and polysaccharides, usually produce
of nanoparticles with diverse morphologies [12,13]. The
reducing activity of compounds in these plant parts
increases under low pH conditions, enabling more precise
control over particle size, shape, and distribution [13].

5.1.3. Bark and stem extracts
Extracts derived from bark and stems, typically rich in

tannins and other phenolic compounds, have been reported
to yield highly stable nanoparticles [2,15]. However, the
particle size is often slightly larger than that of AgNPs
synthesized using leaves.

5.1.4. Flowers
Flowers, due to their content of pigment flavonoids,

may show strong reducing ability and can produce
nanoparticles with intense optical absorption and diverse
colors. This feature makes flowers attractive for
synthesizing AgNPs for optical sensors, bioimaging, and
optoelectronic technologies [8].
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Fig.2. Schematic overview of the plant-mediated green synthesis of silver nanoparticles (AgNPs), covering the topics discussed in Section 4: (1) plant source and its characteristic phytochemicals
(leaves, roots/rhizomes, bark/stem, flowers, fruits, and seeds); (2) extraction conditions (solvent, temperature, time, particle size, pH, and solid-to-liquid ratio) and their effect on the composition
of the plant extract, including reducing and stabilizing/capping agents; and (3) the synthesis stages (reduction, nucleation, growth, and stabilization), reaction parameters (pH, temperature,
[AgNO:s], extract amount, reaction time, and light intensity), assisted synthesis methods (ultrasound, microwave, photo-mediated, and hybrid), and separation and purification.
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5.1.5. Fruits
Fruits often accelerate the reduction rate due to their

organic acids and reducing sugars, resulting in rapid
nanoparticle formation. However, the stability of the
produced nanoparticles is sometimes lower, and
maintaining uniform size distribution requires precise
control of reaction parameters and extraction conditions
[15,18,20].

5.1.6. Seeds
Seeds, typically rich in oils and soluble proteins, are

thought to play an important role in stabilizing nanoparticle
surfaces [5,20], and by forming a natural coating on
AgNPs, they enhance colloidal stability and particle
uniformity. Using these plant sources improves the
physicochemical properties of nanoparticles and enhances
their antibacterial activity and drug delivery capability
[5,19].

5.2. Main Stages of Plant-Mediated
Synthesis of Silver Nanoparticles

Green synthesis of silver nanoparticles primarily
involves three stages: reduction, nucleation, and growth
and stabilization. Each step influences the final
characteristics of AgNPs.

5.2.1. Preparation of plant extract
In the first stage researchers typically prepare the plant

extract using common methods such as boiling, soaking, or
extraction in aqueous, alcoholic, or aqueous—alcoholic
solvents. The choice of solvent, temperature, and

Before

g] Plant extract

o Mixing / stirring

extraction duration directly affects the type and
concentration of phytochemical compounds present in the
extract, which in turn influence the reduction reaction rate
and the stability of the produced nanoparticles [36-38].

5.2.2. Reduction reaction
Fig.3. Green synthesis of silver nanoparticles (AgNPs):

adding a plant extract (reducing agent) to a silver nitrate
(AgNO3) solution and observing the yellow-brown color
change as a preliminary indication of AgNP formation.

After preparing the extract, adding it to a silver nitrate
(AgNO3) solution initiates the reduction reaction. The
color change of the solution from pale yellow to dark
brown is a visual but only preliminary indicator of the
formation of metallic silver nanoparticles (Ag®) (Fig3.);
The reaction time, which depends on the concentration of
reducing compounds, temperature, pH, and light intensity,
may vary from a few seconds (microwave-assisted) to
several hours and affects the size, morphology, and
distribution of nanoparticles [1,6,9].
5.2.3. Separation and purification

After the reaction is completed, the nanoparticles are
separated from the solution using centrifugation and
washed with water or alcohol to remove remaining
compounds. Subsequently, drying at low temperatures or
freeze-drying can help preserve the structure and stability
of the nanoparticles and prepare them for applications in
biological, pharmaceutical, and industrial fields [7,13,39].

After

AgNO; (aq)
colorless

o O

T, pH, time

>

AgNPs colloid

yellowish-brown

Ag* + plant extract — Ag®° (AgNPs) | visible color change

Schematic illustration (not an experimental photograph)

Fig.3.Green synthesis of silver nanoparticles (AgNPs): adding a plant extract (reducing agent) to a silver nitrate (AgNO3) solution and
observing the yellow-brown color change as a preliminary indication of AgNPs formation.
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5.3. Parameters Affecting the
Synthesis Process

The physical and chemical parameters of the reaction
environment, including pH, temperature, silver nitrate
concentration, extract amount, reaction time, and light
intensity, play a decisive role in the size, morphology,
stability, and uniformity of nanoparticles. The trends below
are those most commonly reported; their direction and
magnitude depend on the extract and should be optimized
experimentally [38-40].

5.3.1. Reaction pH
The pH of the reaction solution is one of the most

sensitive controlling factors. Under alkaline conditions, the
hydroxyl groups in phenolic compounds become more
ionized, increasing their reactivity, which generally leads
to the production of smaller and more stable AgNPs. In
contrast, acidic pH often slows nanoparticle growth,
increases particle size, and raises the likelihood of
aggregation and agglomeration. pH changes can also shift
the SPR peak position and the color of the solution in the
UV-Vis spectrum [6,8,11].

5.3.2. Temperature
Increasing the reaction temperature enhances the

reduction rate and nucleation, often resulting in smaller and
more uniform nanoparticles. However, excessively high
temperatures may alter the particle structure and increase
aggregation; therefore, determining the appropriate
temperature range for each plant extract is essential
[15,10].

5.3.3. Silver nitrate concentration
The concentration of Ag* ions determines the number of

initial nuclei and consequently the size and quantity of the
final nanoparticles. A high concentration of AgNO; may
lead to excessive growth and aggregation of particles,
whereas a low concentration tends to give smaller but
fewer particles. The optimal ratio of extract to silver nitrate
solution should be determined experimentally based on the
plant type [38-40].

5.3.4. Concentration and amount of plant

extract
Increasing the amount of extract raises the concentration

of reducing compounds, leading to enhanced reaction rate
and formation of more nuclei. However, excessively high
concentrations may form a thick coating on the

nanoparticle surface and increase their size; thus, precise
optimization of extract amount is necessary for each
system [12,15].

5.3.5. Reaction time

The reaction duration determines the growth and
development of nanoparticles. Longer reaction times can
cause particle growth, SPR band broadening, and increased
risk of aggregation, while insufficient time results in
incomplete nanoparticle formation and reduced stability
[8.1].

5.3.6. Light intensity and irradiation
In some plant extracts, exposure to visible or UV light

accelerates the reduction reaction, probably because active
plant compounds gain more energy to transfer electrons to
Ag"* ions. This approach, known as photo-assisted green
synthesis, enables rapid production of AgNPs with more
controlled morphology [8,9].

5.4. Improved Green Synthesis
Methods

Advanced green synthesis approaches, utilizing
technologies such as ultrasound, microwave irradiation,
and light exposure, enable better control over nanoparticle
size and morphology and can improve the uniformity and
quality of the final product.

5.4.1. Ultrasonic-assisted synthesis
Ultrasonic waves, by generating cavitation, increase the

interaction between phytochemical compounds and Ag*
ions, enhancing the reduction rate and the formation of
initial nuclei. This process can result in nanoparticles with
more uniform size distribution and improved
physicochemical stability [4,13].

5.4.2. Microwave-assisted synthesis
The microwave method, due to uniform heat

distribution, high reduction rate, and efficient energy
utilization, enables the production of smaller and more
uniform AgNPs while significantly reducing reaction time.
This technique is highly suitable for rapid and controlled
nanoparticle synthesis on both laboratory and industrial
scales [1,9].

5.4.3. Photo-mediated synthesis
The use of light irradiation activates plant compounds

and increases the reduction reaction rate. This method is
suitable for heat-sensitive compounds and enables the
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production of nanoparticles with controlled morphology
and desirable optical properties, allowing tuning of SPR
features and nanoparticle color [20,26]

5.4.4. Hybrid methods
Combining plant extracts with other biomaterials such

as polysaccharides, peptides, or other biogenic
nanoparticles provides more precise control over the shape,
size, and stability of nanoparticles, resulting in AgNPs with
optimized and application-specific functional properties
[2,13].

5.5. Comparison of Extraction from
Different Plant Parts and Extraction
Conditions

The selection of the appropriate plant part and extraction
conditions is one of the key factors determining the
phytochemical composition and, consequently, the
performance of plant extracts in the green synthesis of
silver nanoparticles (AgNPs). Different plant organs vary
considerably in terms of the type, amount, and stability of
their bioactive compounds. Therefore, a single extraction
method cannot be considered equally suitable for all plant
parts and plant species. Compounds such as polyphenols,
flavonoids, tannins, terpenoids, alkaloids, reducing sugars,
organic acids, proteins, and amino acids may participate in
the reduction of silver ions as well as in the stabilization of
the nanoparticle surface. Consequently, the extraction yield
and preservation of these compounds directly affect the
rate of nanoparticle formation, particle size, morphology,
and stability [58,59].

Leaves are among the most widely used plant parts for
the green synthesis of silver nanoparticles because they are
generally readily available and contain considerable
amounts of phenolic compounds, flavonoids, terpenoids,
tannins, proteins, and pigments. For leaf extraction,
methods such as maceration, mild boiling, and extraction
with water or water—ethanol mixtures are commonly
employed. In green synthesis applications, aqueous
extracts are particularly common because of their greater
environmental compatibility and because they eliminate
the need for toxic organic solvents. However, excessive
temperature or prolonged extraction time may lead to the
degradation of certain sensitive compounds and alter the
composition of the extract [58-60].

Roots and rhizomes generally contain phenolic
compounds, flavonoids, alkaloids, terpenoids, and other

1 el

secondary metabolites, the levels of which vary depending
on the plant species and growth stage. Due to the denser
structure of these tissues, chopping or grinding prior to
extraction is more important, and longer extraction times
or the use of more suitable solvents may enhance the
transfer of bioactive compounds into the extraction phase.
When the target compounds have medium or low polarity,
the use of ethanol or water—ethanol mixtures may provide
more efficient extraction than pure water [59,60].

Barks and stems are also important sources of phenolic
compounds, tannins, flavonoids, and certain aromatic
compounds. Their harder structure and the presence of
structural components such as lignin and cellulose make
pretreatment, particle-size reduction, and increasing the
solid-solvent contact area particularly important.
Extraction of these plant parts may require longer contact
times or controlled temperatures. However, excessive
heating may cause the degradation or modification of
certain phenolic compounds; therefore, extraction
conditions should be optimized according to the target
compounds [58-60].

Flowers are phytochemically important because they
contain flavonoids, anthocyanins, phenolic acids, and
volatile and aromatic compounds. Compounds present in
flowers are often more sensitive to heat, light, and
oxidation. Therefore, extraction at mild temperatures and
under controlled time conditions can help preserve
bioactive compounds. In the extraction of colored
compounds such as anthocyanins, pH is also an important
factor, as inappropriate conditions may cause structural
changes and reduce their stability [59-61].

Fruits generally contain polyphenols, flavonoids,
vitamins, sugars, organic acids, and other antioxidant
compounds. In this plant part, the high water content and
matrix composition can influence extraction efficiency.
Water or hydroalcoholic solvents are commonly used to
extract polar and moderately polar compounds. In contrast,
when lipophilic compounds are the target, solvents with
lower polarity may be more appropriate. However, the use
of safe and environmentally compatible solvents is
prioritized for green nanoparticle synthesis [59,62].

Seeds differ from other plant organs in terms of their
bioactive composition and may contain phenolic
compounds, flavonoids, proteins, amino acids, sugars, and
particularly oils and lipophilic compounds. Therefore,
solvent selection is especially important for seed
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extraction. When the objective is to utilize water-soluble
compounds for the reduction of silver ions, aqueous or
hydroalcoholic extraction may be suitable, whereas the
isolation of nonpolar compounds requires different
methods and solvents. The presence of oils and fatty
substances may also affect extract stability and the
nanoparticle formation process [62].

5.6. Effect of Extraction Conditions on
Extract Composition

In addition to the plant part, solvent type is one of the
most important factors determining extraction efficiency.
Water is suitable for extracting polar compounds such as
certain phenolic compounds, flavonoid glycosides, sugars,
and proteins. In contrast, ethanol and water—ethanol
mixtures can extract a broader range of polar and
moderately polar compounds. In studies involving green
synthesis, the use of ethanol and water is generally
preferred over toxic organic solvents because of their lower
toxicity and greater compatibility with the principles of
green chemistry [63].

Temperature should also be carefully controlled.
Increasing the temperature generally enhances solvent
penetration into plant tissues and accelerates the transfer of
compounds into the extraction medium. However,
excessively high temperatures may cause the degradation
of heat-sensitive compounds, oxidation, or structural
changes in certain metabolites. Therefore, the optimum
temperature should be determined according to the plant
type and the target compounds [63,64].

Extraction time exhibits a similar behavior. Increasing
the contact time initially generally increases the amount of
extracted compounds. However, after equilibrium is
reached, further prolongation of the extraction time may
have little significant effect on the extraction yield. It may
even increase the likelihood of degradation or oxidation of
sensitive compounds. Therefore, prolonged extraction does
not necessarily result in a higher-quality extract [64].

Plant particle size is another important factor.
Appropriate chopping or grinding increases the contact
area between the plant tissue and the solvent, thereby
enhancing mass transfer. However, excessive grinding may
increase sample temperature, promote oxidation of
sensitive compounds, or cause undesirable changes in the
extract [63,64].

The pH of the extraction medium can also affect the
solubility and stability of phytochemical compounds.
Certain phenolic compounds and pigments exhibit greater
stability within specific pH ranges; therefore, pH
adjustment may be useful for enhancing the extraction of
target compounds. However, changes in pH should be
performed cautiously because they may alter the structure
of certain compounds and ultimately affect the reducing
activity of the extract [64].

5.7. Relationship between Extraction
Conditions and Silver Nanoparticle
Synthesis

In green synthesis, the objective is not merely to achieve
the highest possible extraction yield but rather to preserve
compounds capable of reducing Ag* to Ag® and stabilizing
the resulting nanoparticles. Therefore, an extract with a
high concentration of phytochemicals does not necessarily
provide the best performance; rather, the type and relative
proportions of these compounds are also important. For
example, phenolic compounds, flavonoids, and certain
sugars may participate in the reduction of silver ions. In
contrast, polyphenols, proteins, and other biomolecules
may contribute to the coating and stabilization of
nanoparticles through interactions with their surfaces,
thereby preventing aggregation [58,59,62].

Accordingly, differences in the plant part used,
extraction method, plant-to-solvent ratio, temperature,
extraction time, and pH can result in differences in the rate
of silver-ion reduction, nanoparticle size and morphology,
size distribution, colloidal stability, and surface
characteristics of AgNPs. Therefore, even the use of the
same or a similar plant species under different extraction
conditions may result in nanoparticles with different
physicochemical properties. This highlights the necessity
of standardizing extraction conditions and accurately
reporting process parameters in green synthesis studies
[59,62].

Overall, the selection of the plant part should be based
on its phytochemical profile, the availability of reducing
and stabilizing compounds, the thermal stability, and the
solubility of the target compounds. Subsequently,
extraction conditions, including solvent type and
concentration, solid-to-liquid ratio, temperature, extraction
time, pH, and particle size, should be systematically
optimized. Such an approach can lead to the production of
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more uniform extracts and, ultimately, more controllable
and reproducible synthesis of silver nanoparticles
[58,56,62].

6. GREEN-SYNTHESIZED SILVER
NANOPARTICLES: APPLICATIONS IN
NANOBIOTECHNOLOGY

Silver nanoparticles (AgNPs) synthesized using plant
extracts, due to their high biocompatibility, colloidal
stability, and the presence of a natural layer that acts both
as a reducing and stabilizing agent, have gained widespread
attention in nanobiotechnology. The main applications of
green AgNPs include targeted drug delivery, biosensors,
tissue regeneration, food packaging, and environmental
remediation. Fig.4. From plant to package: green-
synthesized silver nanoparticles (AgNPs) embedded in
biopolymer films create an antimicrobial barrier for food.
By disrupting cell membranes, generating reactive oxygen
species (ROS), and blocking DNA replication and protein
synthesis, AgNPs curb microbial growth, reduce
contamination, and extend shelf life.

6.1. Food Nanotechnology,
Antimicrobial and Antifungal Activity

Green-synthesized silver nanoparticles, due to their
small size, stable surface charge, and natural biomolecular
coating, can effectively disrupt the structure and function
of bacterial and fungal cells. These nanoparticles penetrate
the cell membrane and stimulate the production of reactive
oxygen species (ROS), disrupt cellular metabolism, and, by
binding to DNA and vital enzymes, inhibit cell division and
biochemical processes, ultimately leading to cell death.
The active biomaterials coating on the particle surface
makes their effectiveness equal to or higher than
conventional chemically synthesized nanoparticles
[67,39,40].

In the context of food nanotechnology, green-
synthesized AgNPs have attracted attention because of
their potential to improve food safety and extend shelf life.
Their incorporation into food-contact materials,
particularly polymeric films and coatings, can provide
antimicrobial and antifungal properties and help control the
growth of spoilage microorganisms. In addition, AgNP-
based packaging systems may improve packaging
protection and reduce microbial deterioration during

storage. However, their application in food-contact
materials requires careful evaluation of nanoparticle and
Ag* migration, exposure levels, and consumer safety
[41,42].

Food nanotechnology also includes the use of nanoscale
systems for improving food processing, preservation, and
the delivery of bioactive compounds. Nanocarriers such as
nanoemulsions and nanocapsules can enhance the stability
and functionality of sensitive compounds against
environmental factors such as light, oxygen, and
temperature. These approaches demonstrate the potential
of nanotechnology to support the development of safer,
more stable, and higher-quality food products [65,66]

It emphasizes the characteristics of food
nanotechnology, as well as its current and emerging uses
within the field of food science. In the following, the
present review discusses the potential applications of
nanotechnology in improving strategies related to the
processing, packaging, as well as antimicrobial and
antifungal activity [41, 42].

6.2. Anticancer and Antitumor
Applications

Silver nanoparticles synthesized with plant extracts, due
to their biological coating and active surface compounds,
exhibit high cellular uptake in cancer cells and exert
selective toxicity toward these cells, without significant
damage to healthy cells. These nanoparticles stimulate
apoptotic pathways such as cytochrome c release, Caspase-
3 activation, and increased ROS production, inducing
programmed cell death and preventing uncontrolled
proliferation of cancer cells. Extracts rich in flavonoids and
polyphenols enhance the anticancer effects of AgNPs and
increase selectivity while reducing side toxicity [3,10].

6.3. Antioxidant Applications

AgNPs synthesized with antioxidant compounds can
neutralize free radicals, prevent lipid peroxidation, and
reduce cellular oxidative stress. These nanoparticles
enhance cellular defense pathways and improve
antioxidant performance, reducing oxidative damage. The
natural biomaterials coating also increases the adsorption
of radicals and oxidized compounds and improves their
antioxidant activity in complex biological environments [1,
13].
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Fig.4. From plant to package: green-synthesized silver nanoparticles (AgNPs) embedded in biopolymer films create an antimicrobial barrier
for food. By disrupting cell membranes, generating reactive oxygen species (ROS), and blocking DNA replication and protein synthesis,
AgNPs curb microbial growth, reduce contamination, and extend shelf life.

6.4. Application in Biosensing

The unique optical properties of green AgNPs,
particularly the localized surface plasmon resonance
(LSPR) phenomenon, enable the development of precise,
sensitive, and selective biosensors. The biomaterials
surface coating facilitates effective binding of biological
molecules such as DNA, enzymes, and antibodies,
ensuring high sensitivity and rapid response of the sensors
[6,8].

6.5. Anti-inflammatory and Wound
Healing Applications

AgNPs synthesized with plant extracts play a vital role
in wound healing by inhibiting infectious bacterial growth,
stimulating collagen production, enhancing tissue
formation, and reducing inflammation. These features have
led to the extensive use of AgNPs in skin patches,
hydrogels, and antimicrobial dressings, increasing the rate
of damaged tissue repair [1,7,36].
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6.6. Environmental Applications

Green silver nanoparticles can act as water purification
agents for removing pollutants (dyes, heavy metals, and
nitrates), biocompatible catalysts in redox reactions, and
stable antibacterial agents, collectively helping reduce
environmental pollution and maintain water and soil
quality [1,2].

6.7. Application in Food Packaging

One of the most important applications of
nanotechnology in the food industry is food packaging. In
nanostructured  packaging  systems, incorporating
nanoparticles or nanomaterials into packaging polymers
can improve the mechanical and barrier properties of films
and reduce the penetration of oxygen, water vapor, and
other factors that contribute to food deterioration. In
addition, some nanomaterials possess antimicrobial
activity and can inhibit the growth of spoilage-causing
bacteria and fungi on or within the packaging material.
Among these materials, silver nanoparticles (AgNPs),
owing to their broad-spectrum antimicrobial activity,
relatively high stability, and ability to be incorporated into
polymeric materials, are considered one of the most
extensively studied nanomaterials for the development of
antimicrobial packaging. However, their application in
food-contact materials requires careful evaluation of
nanoparticle or silver-ion migration, exposure levels, and
consumer safety [66-68].

Another important application is the delivery and
protection of bioactive compounds. Many beneficial food
compounds, such as vitamins, antioxidants, plant essential
oils, and certain phenolic compounds, are unstable when
exposed to light, oxygen, temperature, and moisture.
Nanocarrier  systems, including  nanoemulsions,
nanocapsules, and nanoparticles, can protect these
compounds from unfavorable environmental conditions
and enhance their bioavailability and functional
performance. This approach is particularly important for
developing functional foods and food products containing
bioactive ingredients [67-70].

Overall, nanotechnology in the food industry is not
limited to the production of materials at the nanoscale;
rather, it represents a multidimensional approach for
controlling food spoilage, extending shelf life, improving
the delivery of bioactive compounds, developing

innovative packaging systems, and enabling rapid
monitoring of food safety. Despite the considerable
potential of this technology, the translation of
nanomaterial-based applications from laboratory-scale
research to commercial food products requires
standardization of production methods, precise control of
the physicochemical properties of nanomaterials,
evaluation of their interactions with food components, and
comprehensive assessment of safety and potential long-
term exposure effects. Therefore, the development of
nanotechnology in the food industry should simultaneously
focus on technological performance, environmental
sustainability, and consumer safety [67-70].

7. SAFETY, TOXICITY, AND
REGULATORY CONSIDERATIONS

7.1. Cytotoxicity and In Vivo Toxicity

Although plant-mediated silver nanoparticles (AgNPs)
are often considered more environmentally friendly than
chemically synthesized nanoparticles, their biological
safety remains a major concern. Cytotoxic effects may
result from the release of Ag* ions, oxidative stress,
mitochondrial ~dysfunction, membrane damage, and
interactions with cellular proteins and DNA. Toxicity
depends strongly on particle size, morphology, surface
chemistry, concentration, exposure duration, and the
phytochemicals present on the nanoparticle surface. In vivo
studies have also reported potential effects on the liver,
kidneys, immune system, and gastrointestinal tract.
Therefore, comprehensive dose-dependent and long-term
toxicological evaluations are required before their use in
food and biomedical applications [71,72].

7.2. Environmental Effects and
Bioaccumulation

After environmental release, AgNPs may undergo
aggregation, dissolution, transformation, and interaction
with natural organic matter and microorganisms. Their
antimicrobial activity can adversely affect beneficial
microorganisms and aquatic organisms. AgNPs or released
Ag" ions may enter aquatic and terrestrial food webs and
potentially accumulate in organisms. However, their
environmental fate and bioaccumulation depend heavily on
physicochemical  and conditions.
Consequently, — assessment of their  persistence,
transformation, trophic transfer, and ecotoxicity is essential

environmental
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for evaluating the environmental risks associated with
large-scale applications [73,74].

7.3. Migration and Food Safety

The incorporation of plant-mediated AgNPs into food
packaging and food-contact materials raises important
concerns regarding nanoparticle and silver-ion migration
into foods. Migration can be influenced by particle
characteristics, polymer composition, food matrix,
temperature, pH, storage time, and ionic strength.
Excessive migration may increase dietary exposure and
consequently pose toxicological risks. Therefore, food-
contact applications require reliable evaluation of total
silver and nanoparticle-specific migration, together with
assessment of consumer exposure under realistic storage
and processing conditions [66].

7.4. Regulatory Considerations

The regulatory status of AgNPs varies among
jurisdictions and depends on their intended application,
physicochemical characteristics, and potential exposure.
Regulatory authorities generally require nanoparticles
characterization assessment of toxicological and
environmental risks, evaluation of migration or exposure,
and evidence of efficacy for specific applications. In food-
related uses, particular attention is given to exposure
through food, food-contact materials, labeling, and
compliance with established limits or safety requirements.
The lack of internationally harmonized regulations
specifically addressing plant-mediated AgNPs remains an
important challenge for their commercialization and
widespread application [75].

7.5. Antimicrobial Resistance

The extensive use of AgNPs as antimicrobial agents has
raised concerns regarding the possible development of
microbial resistance or tolerance. Although AgNPs act
through multiple mechanisms, including membrane
disruption, oxidative stress, and interference with cellular
proteins and genetic material, microorganisms may adapt
through mechanisms such as changes in membrane
permeability, enhanced efflux, biofilm formation, and
metal-resistance systems. The potential co-selection of
resistance to silver and clinically relevant antibiotics is
particularly important. Therefore, the long-term and
repeated use of AgNPs should be carefully monitored, and

their antimicrobial application should be accompanied by
appropriate risk assessment and resistance surveillance
[76].

8. CHALLENGES IN RESEARCH AND
DEVELOPMENT

8.1. Lack of Standardization of
Protocols

Variations in plant species, plant parts, extraction
methods, solvent type, and synthesis conditions result in
inconsistent and difficult-to-compare outcomes [9]. In
plant-mediated AgNP synthesis, parameters such as extract
and AgNO; concentrations, extract-to-precursor ratio, pH,
temperature, reaction time, and mixing conditions strongly
affect nanoparticle formation and properties. These
variations can alter particle size, morphology, surface
charge, crystallinity, stability, and biological activity.
Standardized procedures for extract preparation, synthesis,
purification, and characterization are therefore essential to
improve reproducibility and support industrial scale-up,
particularly for food-related applications [58,59,62].

8.2. High Diversity of Plant
Metabolites

The composition of plant extracts varies with species,
growth stage, climatic conditions, and harvest time,
complicating the control of nanoparticle formation and
stability [10,13]. Phytochemicals such as phenolics,
flavonoids, terpenoids, proteins, and sugars can
simultaneously participate in reduction and surface
stabilization. Standardized extract preparation combined
with phytochemical profiling is therefore important for
obtaining more predictable AgNP characteristics [58,59].

8.3. Limitations in Morphology Control

Achieving uniform and application-specific
nanoparticle morphology remains challenging [11].
Variations in synthesis conditions can affect nucleation and
growth, resulting in heterogeneous particle sizes and
shapes. Improved control of reaction parameters and
reducing/capping agents is required to produce AgNPs
with  consistent  physicochemical  properties  for
applications in food packaging, preservation, and
nanobiotechnology [59,62].
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8.4. Limited Data on Long-Term
Toxicity and Stability

Current evidence is largely based on short-term in vitro
studies, leaving uncertainties regarding chronic toxicity,
tissue accumulation, environmental persistence, and long-
term stability [3]. Changes in nanoparticle properties and
Ag* release may occur during storage, processing, or
exposure to biological and environmental conditions.
Long-term in vitro and in vivo studies are therefore needed
to assess the safety, environmental fate, and
bioaccumulation potential of plant-mediated AgNPs,
especially in food-related applications [62].

8.5. Difficulty in Purification and
Identification of the Biomaterial
Coating

Plant-derived molecules can remain adsorbed on AgNP
surfaces and influence their reduction, stabilization, and
biological properties. However, the complexity of plant
extracts makes it difficult to identify and quantify the
specific compounds involved [14]. Inadequate purification
may also leave residual phytochemicals or silver species in
the final product. Advanced analytical approaches,
including LC-MS, quantitative FTIR, and NMR, together
with appropriate purification strategies, are therefore
required to define surface chemistry better and improve the
reproducibility, stability, and performance of plant-
mediated AgNPs [58,59,62].

9. FUTURE RESEARCH DIRECTIONS

9.1. Standardization and
Establishment of Global Protocols

Future research should prioritize  developing
internationally harmonized protocols for plant-mediated
AgNP synthesis, characterization, purification, and quality
control. Rather than focusing only on individual synthesis
conditions, standardized workflows should ensure
consistent reporting of plant source, extract characteristics,
nanoparticle properties, and processing methods. Such
harmonization would improve interlaboratory
comparability, reproducibility, and the transition from
laboratory-scale synthesis to industrial applications in food
science and nanobiotechnology [62,77].

;€22

9.2. Use of Industrial Standardized
Extracts

Developing  standardized plant extracts  with
reproducible phytochemical profiles could improve the
consistency of AgNP production. Industrial-scale extracts
should be characterized according to their major bioactive
constituents and linked to the resulting nanoparticle
properties. Establishing these composition—property
relationships would facilitate quality control and enable
more predictable antimicrobial performance, particularly
in food-contact and preservation applications [77].

9.3. Integration of Green Methods with
Modern Technologies

Combining plant-mediated synthesis with advanced
technologies such as sonochemistry and microwave
irradiation may improve reaction efficiency, reduce
processing time, and enhance control over nanoparticle
formation. Future studies should focus on optimizing these
approaches under scalable conditions and integrating
process monitoring and optimization tools. Such strategies
could support more efficient and resource-conscious
production of AgNPs for food packaging, preservation, and
nanobiotechnology [78].

9.4. Designing Smart Nanoparticles
with Targeted Biomaterial Coatings

Future research should explore the controlled
functionalization of AgNP surfaces using biocompatible
materials, including proteins, polysaccharides, peptides,
and natural polymers. Tailored surface coatings may
improve colloidal stability, regulate silver-ion release, and
modify interactions with biological or food matrices. In
food applications, surface engineering could also help
control nanoparticle migration from packaging materials.
However, the effects of coating composition on
physicochemical properties, biological activity, and safety
require systematic evaluation [79].

9.5. Development of Comprehensive
Toxicology Tests

A comprehensive safety framework is essential for
developing plant-mediated AgNPs. Research should
integrate acute and chronic toxicity studies with
mechanistic assessments of oxidative stress, inflammation,
genotoxicity, cellular damage, Ag* release, and tissue
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accumulation. For food applications, particular attention
should be given to gastrointestinal transformation,
migration from food-contact materials, and realistic
consumer exposure scenarios. Integrating toxicological,
physicochemical, and exposure data will provide a stronger
basis for risk assessment and the responsible application of
plant-mediated AgNPs [77-79].

10. CONCLUSION

The practical value of plant-mediated silver
nanoparticles (AgNPs) depends not only on their potential
functional properties but also on the reproducibility of their
synthesis, the reliability of their characterization, and their
performance under application-specific  conditions.
Variations in plant species, plant parts, extract
composition, and synthesis conditions can produce
differences in nanoparticle properties, making comparisons
across studies difficult. Consequently, the use of plant
extracts should not, by itself, be considered evidence of a
standardized, environmentally benign, or inherently safe
production process.

For food-related applications, laboratory evidence of
antimicrobial activity is an important starting point but
does not establish effectiveness or safety in actual food-
contact systems. The performance of AgNP-containing
packaging materials must be evaluated in relation to food
composition, processing and storage conditions,
nanoparticle release or migration, and potential consumer
exposure. These factors are particularly important when
assessing whether antimicrobial benefits can be achieved
without adversely affecting food quality or safety.

Future research should prioritize reproducible synthesis
protocols, detailed reporting of extract composition and
nanoparticle properties, and comparable methods for
evaluating antimicrobial performance. For food-contact
applications, migration studies, exposure assessment, and
toxicological evaluation under realistic conditions are also
needed. Regulatory considerations should be addressed in
relation to the intended use and the applicable requirements
for food-contact materials. Progress in these areas would
provide a stronger scientific basis for determining which
plant-mediated AgNP systems are suitable for further
development and potential practical application.
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