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Biore- duction

Green synthesis provides a sustainable approach to producing metallic nanoparticles (MNPs) using biological
entities such as plants, algae, bacteria, yeast, and fungi. While extensive research has explored these biosynthetic
processes, an integrated review is needed to systematically consolidate knowledge on biosynthesis mechanisms,
key synthesis parameters, and the comparative advantages and limitations of green versus chemical synthesis
methods. This review addresses these gaps by examining the roles of biological entities and their metabolites in
reducing and stabilizing MNPs. Plants use polyphenols and sugars to reduce metal ions, while algae utilize
compounds such as chlorophylls and carotenoids. Bacteria produce enzymes like nitrate reductase to reduce
metal ions inside and outside the cell. Yeast, for instance, employs nitrate reductase for extracellular synthesis
and metallothioneins for intracellular synthesis while fungi use enzymes like laccase and reductase to reduce
metal ions and stabilize MNPs. It also examines how reaction factors—such as solvent type, pH, precursor
concentration, and temperature—affect size, shape, and stability. The comparative analysis highlights the
structural, functional, and environmental differences between green and chemical synthesis, emphasizing that
green-synthesized MNPs exhibit improved biocompatibility and biological activity. While green synthesis avoids
toxic chemicals and harsh conditions, reducing environmental impact, it may result in broader size distributions
and less precise shape control compared to chemical methods. This review also addresses current limitations,
including batch variability, differences in biological extracts, and challenges in maintaining consistent MNP
properties. It emphasizes the need for advanced characterization techniques for reproducibility and quality
control, proposing solutions such as bioprocess engineering, real-time monitoring, and lifecycle assessments to
improve industrial scalability. In summary, this review provides a comprehensive resource for researchers and
industries seeking to use green synthesis for sustainable, large-scale applications in medical, environmental, and
biotechnological fields, supporting global sustainability goals and green chemistry principles.

and polymeric [15-17]. The NPs’ different shapes, sizes, and composi-

1. Introduction

Nanoparticles (NPs) are an assorted class of materials represented by
particulate substances whose, according to the International Organiza-
tion for Standardization, all three cartesian dimensions are less than
100 nm. The literature demonstrates several types of NPs, including
metal [1-4], lipid-based [5-8], carbon-based [9-11], ceramics [12-14],
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tions confers these nanomaterials with unique properties that can be
exploited for various applications. As a result, several industries benefit
from nanotechnology, particularly from metallic NPs (MNPs), including
the medical, electronics, agricultural, and environmental sectors.
There are several well-established techniques widely described in the
literature for the synthesis of MNPs, which can generally be classified
into three main approaches: chemical, physical, and green synthesis
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NPs Nanoparticles
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rGO/CHS/AuNPs Reduced Graphene Oxide/Chitosan/Gold
Nanoparticles

ROS Reactive Oxygen Species

SEM Scanning Electron Microscopy
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SPECT  Single Photon Emission Computed Tomography

SPR Surface Plasmon Resonance

TEM Transmission Electron Microscopy

TiO4 Titanium Dioxide

UV-Vis  Ultraviolet-Visible Spectroscopy

v/v Volume/Volume Ratio

XRD X-ray Diffraction
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99mTc  Technetium-99m

AgNOs  Silver Nitrate

ALP Alkaline Phosphatase

ALT Alanine Aminotransferase
AST Aspartate Aminotransferase
Aug Neutral Gold Atom

B.W. Body Weight

BHI Brain Heart Infusion

BNPs Bimetallic Nanoparticles
Cdcl, Cadmium Chloride

CdO Cadmium Oxide

CdS Cadmium Sulfide

Cn Cystoseira myrica
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Cr(VD) Hexavalent Chromium

Ct Cystoseira trinodis

CuO Copper Oxide

DPPH 2,2-Diphenyl-1-Picrylhydrazyl
e Electron

eV Electron Volt

DLS Dynamic Light Scattering
Fe304 Magnetite

FeO Iron(Il) Oxide

FTIR Fourier-Transform Infrared Spectroscopy
g Gram

GO Graphene Oxide

HAuCl, Tetrachloroaurate

h Hour

HelLa Human Cervical Carcinoma Cells
1Cso Half Maximal Inhibitory Concentration
L Liter

LDsq Median Lethal Dose

Zn(CH3CO,), Zinc Acetate Dehydrate
Zn(OH), Zinc Hydroxide
ZnO Zinc Oxide

°C Degrees Celsius
ug Microgram
y-GT Gamma-Glutamyl Transferase

methods. The first two are the most prevalent and are therefore
considered traditional or conventional approaches, associated with high
production yields, high purity levels, and precise control over structural
characteristics [18,19]. For more detailed information on the technical
aspects of these approaches, see references [2,20,21]. Despite their
undeniable potential as disruptive technologies, discussions about their

Chemical synthesis

Green synthesis

application must extend beyond the functionality of nanomaterials to
encompass their impact on human health, economics, and the envi-
ronment. In fact, both physical and chemical synthesis methods present
significant challenges at the production level, including substantial en-
ergy consumption, the need for expensive high-grade resources, and the
use of toxic materials (such as organic solvents, reducing agents, and

Physical synthesis
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High versatility Less hazardous by-products Scalable

Disadvantages:
High grade resources
Toxic chemicals
Hazardous waste
Low stability

Disadvantages:
Scalability
Limited mechanistic understanding
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Fabrication from available materials
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Energy intensive
Limited materials
High waste generation
Low size and shape tunability

Fig. 1. Overview of metallic nanoparticle synthesis using chemical, green, and physical methods, along with their respective advantages and disadvantages.
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stabilizers), which may lead to potential cytotoxicity, carcinogenicity,
and environmental toxicity (Fig. 1) [22,23].

Thus, given the growing and cumulative impact of conventional
synthesis processes, research and development must comply with sus-
tainability principles, ensuring environmental and public health well-
being. In fact, according to the 2030 Agenda for Sustainable Develop-
ment, 14 of the 17 Sustainable Development Goals concern the appli-
cation of green chemistry principles in the development of more
sustainable models [24]. The concept of green chemistry was introduced
by Paul Anastas and John C. Warner in 1998 and emerged because of the
adverse effects of industrial development [25]. The 12 principles that
govern it, aim to establish more sustainable, efficient, and safer chemical
processes. Applying green chemistry involves, for instance, using bio-
logical synthesis methods - also known as green synthesis - as alterna-
tives to produce MNPs. For this type of synthesis, plants, or
microorganisms (algae, yeast, bacteria, and fungi) are used, ensuring the
processes’ sustainability by being substrates for the synthesis reaction
itself.

Although the concept and potential of green synthesis have been
recognized for decades, this approach has gained significant attention in
the last decade as a biologically appropriate, clean, and environmentally
friendly alternative [26]. Recent advances show that green synthesis
involves simple, energy-efficient processes that reduce production costs
by avoiding expensive precursors and complex equipment [27-29]. The
use of non-toxic materials minimizes environmental impact and reduces
hazardous by-products, while eliminating harmful chemicals like
organic solvents and harsh reducing agents lowers the ecological foot-
print of nanomaterial manufacturing [30].

Despite extensive research on green MNP synthesis, key gaps persist,
including the lack of an integrated analysis of biosynthesis mechanisms,
synthesis parameters, direct comparisons with other synthesis ap-
proaches, a comprehensive biocompatibility assessment in vitro and in
vivo and biocompatibility and degradation pathways. In this review, we
explore the latest advances in detail, compiling findings on plant-based
and microorganism-mediated (algae, yeast, fungi, and bacteria) syn-
thesis into a single, cohesive manuscript. We thoroughly examine the
biosynthesis mechanisms and active molecules involved in producing
various types of MNPs, followed by an in-depth analysis of the influence
of reaction factors — including extraction and reaction solvents,
extraction concentration, metallic salt molarity, temperature, pH, and
reaction time — on MNPs synthesis, stability, and properties. Addi-
tionally, we compare green and chemical synthesis, highlighting studies
that directly contrast both methods’ effects on structural, physical, sta-
bility, and activity profiles. Finally, we address the biocompatibility,
toxicity, and biodistribution of green-synthesized MNPs through evi-
dence from both in vitro and in vivo assays. The review concludes with a
critical, integrated analysis of the current limitations of green synthesis
and proposes strategic solutions to enhance reproducibility, scalability,
and industrial feasibility.

2. Green approaches for metallic nanoparticle synthesis

2.1. From conventional to eco-friendly synthesis approaches of metallic
nanoparticles

MNPs are a class made by metallic precursors (e.g., Fe, Zn, Cu, Au,
Ag, Co, and Ni) individually or in groups of atoms. Their constitution has
three distinct layers: core, shell, and surface layers [31-33]. The core
layer is the central part of the particle (inner material), the particle itself;
the shell layer is chemically different from the core layer, which in-
fluences the properties of the core particle. This layer allows, for
instance, the modification and improvement of the dispersibility and
thermal stability of the core particle; and the surface layer allows to be
functionalized with various molecules like polymers, surfactants, and
metal ions. More details about merits and demerits of MNP can be found
at the Table 1.
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Table 1

Merits and demerits of MNP.
MNP  Merits Demerits Ref
Ag — High antimicrobial activity — High production cost [34]

against various bacterial

strains, including

multidrug-resistant ones
— Low toxicity

Cu — Catalytic efficiency — Oxidation instability [35,36]
— Good antifungal and
antibacterial activity
ZnO — Efficient in water treatment — Potential toxicity when [37-39]
— Antibacterial properties accumulated in cells
— Non-toxic — Impacts on
photosynthesis
Au — Low toxicity and high — High production cost [27]
biocompatibility
— Unique optical properties
Ni — Application in catalysis — Risk of toxicity and [40-42]
— Good magnetic properties allergenicity
Ti — Exceptional photocatalytic — Low efficiency under [43,44]
activity visible light
— Chemical stability,
— Nontoxicity
— Low cost
Fe — Application in magnetic — Tendency to aggregate [45-47]
resonance imaging, due to magnetic
magnetic recording, characteristics
hyperthermia, drug
delivery, separation and
recovery processes
— Low cost
— Low toxicity
Se — Antioxidant and anticancer — Highly toxic [48]
properties
Mg — Odorless — Highly reactive with air [49]
— Antimicrobial properties and water
— Low toxicity
Cd — Photocatalysts, anticancer — Hardly be used in the in [50,51]
and antimicrobial activities vivo studies with adverse
effects for more than one
year
Si — Less hazardous to the — Potentially carcinogenic [52]
environment compared to — Poor biodegradation
other nanomaterials — Organ retention
— NPs can be easily modified
Pd — High catalytic activity — Often need to be [53]
— Thermal and chemically immobilized on solid
stability supports or stabilized

— cost-effectiveness with specific ligands

The considerable reduction in the size of the NPs compared to the
bulk material increases the number of atoms on the surface that are more
active [54]. This activity is attributed to the diminished number of
neighbouring coordinating atoms and unsaturated sites [54]. Besides,
MNPs can show electric and magnetic resonance creating a quantum
effect [55], are optically active [56], enhanced surface Raman [57,58]
and Rayleigh scattering [59,60], have anti-friction effect in nano-
lubrifiaction [61], and higher surface energy which decreases the
melting point [62]. These properties that MNPs exhibit have encouraged
their exploration over the last century, having already shown potential
in multiple application areas, ranging from nanomedicine to
engineering.

According to the starting material, categories of NPs preparation are
divided into: i) Top-Down approach, where synthesis of materials is
done by the reduction of size of the starting material through different
chemical and physical processes, and ii) Bottom-up approach, where
atoms and molecules are assembled into larger stable structures through
physical and chemical reactions [63]. Top-down techniques include ion
sputtering, ball milling, laser ablation, electro-explosion, and mecha-
nochemical synthesis. Bottom-up techniques include hydrothermal,
chemical vapour deposition, physical vapour deposition, sol-gel,
chemical reduction, solvothermal, spray pyrolysis, laser pyrolysis, and
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flame pyrolysis. For detailed information see [2,64-67].

These physical and chemical methods are vastly described in the
literature. The scientific community can synthesize controlled-sized NPs
with distinct compositions, shapes, and properties [46,68-72]. Some of
the limitations regarding such synthesis methods and processes are their
environmental and economic impacts. Other limitations include: insta-
bility, costly analysis requirements, application of toxic precursors and
organic solvents, generation of large amounts of waste, contamination of
the product, low yield, necessity for skilled labour, lack of fundamental
mechanisms, production of impurities, high-pressure necessities, and
high energy losses [29,73-78]. Seeing the drawbacks, the scientific
community felt the need to explore new and eco-friendly synthesis
methods. The premise of using the palette of the natural resources of the
planet initiated a new era of NPs synthesis known today, with a more
common terminology, as "green synthesis".

2.2. Principles of green synthesis

Green synthesis refers to processes that use the organic parts of
natural products to synthesize nanostructured materials through bio-
logical pathways (oxidation/reduction, chelation, and precipitation).
Several biological systems can reduce metal ions to metal NPs, including
various plants, algae, yeast, fungi, microbes, bacteria, actinomycetes,
viruses, and biowaste (Fig. 2). The term “green” is implicitly associated
with simple, cost-effective, and, above all, environmentally friendly
approaches.

This eco-friendly feature is brought by (i) the use of less hazardous
chemicals and solvents, (ii) performance at atmospheric pressure and
temperature, (iii) requirement of low energy input, (iii) no toxic waste
production [79-82].

1: Initial phase

Plants Yeast Algae Fungi Bacteria
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The NPs synthesis process, in general, encompasses four distinct
phases [83,84]:

(1) Initial phase: reaction solution containing biological systems and
the metal salt precursor.

(2) Activation phase: This process involves the chemical reduction of
metal ions, forming nucleation centers from which NPs gradually
develop and expand.

(3) Growth phase: In this phase, small NPs coalesce, forming larger

aggregates in several different shapes. This process involves

heterogeneous nucleation, growth, and ongoing reduction of

metal ions, known as Ostwald ripening. This phase is marked by a

concurrent rise in the thermodynamic stability of the MNPS and

is influenced by physicochemical variables (for instance, con-
centration, pH, temperature, and reaction time).

Termination phase: in the final stage, the NPs assume their most

energetically favourable conformation—also, the compounds

involved in the reaction play a pivotal role in NPs’ stabilization.

4

—

Due to the difference in metabolic and chemical composition of each
of the biological entities, the interaction of metal ions with these mol-
ecules also differs, thus resulting in different kinds of MNPs formations.
Therefore, the synthesis route and biological entity used determine the
type of MNPs that would be formed.

3. Biological routes and mechanisms for metallic nanoparticles
synthesis

This section will explore recent advances in the biosynthesis pro-
cesses of several MNPs using various biological entities, including

2: Activation phase
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Fig. 2. Schematic representation of metallic nanoparticle synthesis using biological systems. In the initial phase, a solution with the biological systems and a metal
precursor salt is added to the water/culture media. Then, in the activation phase, the metal ions are reduced, forming nucleation centers, which, in turn, coalesce,
forming larger aggregates with different shapes and sizes (growth phase). In the termination phase, the formed NPs assume a more energetically favourable shape and

size by interacting with organic stabilizing agents.
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plants, algae, bacteria, yeast, and fungi. The main physical-chemical
characteristics of MNPs are also explored according to the synthesis
method and the main results of their applicability.

3.1. Plant-mediated synthesis

3.1.1. Overview of plant biosynthesis mechanisms and advantages

Due to their sustainable and renewable nature, plants and their parts
are considered the leading factories for greenly synthesizing MNPs. In
addition to the abundant resources, they are rich in phytochemicals,
which play a preponderant role in the bioreduction of metal ions and the
consequent synthesis and stabilization of NPs. Based on wide diversity,
phytochemicals are broadly divided into primary and secondary me-
tabolites [85]. Primary metabolites are naturally occurring in the plant
and have a direct role in the growth of the plant, while secondary me-
tabolites are formed due to the response of the plant to environmental
stress, consisting of terpenoids, polyphenols, antioxidants, citric acid,
saponins, heterocyclic compounds, peptides, tannins, and sugars
[86-89]. In addition, the superiority of plant-mediated biosynthesis
compared with that mediated by microorganisms is due to water-soluble
phytochemicals [90,91]. Besides being environmentally friendly, the
extracts are biodegradable, biocompatible, and cheap [92]. Several
advantages have been pointed out on account of phyto-manufacturing,
and therefore they include synergistic effects such as antibacterial and
antioxidant effects arising from the functionalization at the surface of
the NPs. Consequently, many parts of plants such as seeds, roots, stems,
barks, leaves, flowers, and fruits have been used to take an extract out of
it, which eventually becomes a driving solvent for the synthesis of
several metallic NPs.

The general plant-mediated biosynthesis of metallic NPs is described
in Fig. 3. The first step concerns selecting the plant species and the tis-
sue/organ or other parts of the plant. The sample is then milled to obtain
a powder to which distilled water is generally added. Then, the solution
is boiled and filtered to obtain the plant extract, to which the specific salt
precursor is added according to the required final concentration. The
colour change of the solution is the first evidence of the reduction of
metal ions to metal NPs [93,94].

3.1.2. Plant-mediated metallic nanoparticle synthesis and applications
Table 2 gives an overview of several plant-synthesizing MNPs and

some of their key associated elements. The pioneering study on syn-

thesizing silver NPs (Ag NPs) using Medicago sativa [95] has stirred up

Flowers Milling
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several subsequent studies using various plant species. Application in-
terest for Ag NPs is mainly due to their antimicrobial and antibacterial
activity. This results from the high bioavailability of bioactive com-
pounds in plant extracts that play multiple and synergistic roles,
ensuring the reduction, capping, and stabilization of NPs [96]. The
process underlying the synthesis of Ag NPs typically entails the reaction
in Eq. 1 [97]:

Ag**NO? +Plant extract(— C=0, —OH,etc)—~ Ag" NPs+by product
@

Recently, Yousefzadeh-Valendeh et al. [94] synthesized Ag NPs (Ag
NPs) through a green method using a hydroalcoholic extract from Tar-
axacum officinale, commonly known as the dandelion flower. Silver
nitrate (AgNOs) was used as the precursor salt, and a distinct color
change in the solution accompanied its reduction to Ag NPs. Capping
agents included carotenoids, flavonoids, and phenolics responsible for
the stabilization of the synthesized NPs. The Ag NPs exhibited
outstanding antidiabetic, antioxidant, antibacterial, and photocatalytic
properties. Ag NPs were also successfully biosynthesized using the leaf
extract of Catharanthus roseus, with demonstrated antibacterial and
heavy metal removal activity. The same NPs were synthesized using the
aerial parts of Zataria multiflora, where the action of the reductant
phytochemicals is potentiated by higher pH [98]. This results from the
influence of pH on the dissociation, interfacial free energy, and net
charge of a complexing agent [98]. Other reported species for Ag NPs
biosynthesis include, for instance, Origanum majorana [34], Echinacea
purpurea [99], Catharanthus roseus [100], Phoenix dactylifera [101],
Phyllanthus emblica, Psidium guajava [102] and Phyllanthus emblica
[103].

Gold NPs (Au NPs) are extensively documented in the literature on
plant-mediated synthesis and have been associated with production
with a good synthesis yield [104]. The process underlying the synthesis
of Au NPs typically entails the reaction in Eq. 2 [97].

HAUWP*CL,* o 4H,0 + Plant extract— Au’NPs + by product @)

Like what was described for Ag NPs, several parts of the plant or even
the entire plant can synthesize this type of NPs. In a study by Kaur et al.
[105], the seed extract of Bryonia laciniosa was combined with an
aqueous solution of tetrachloroaurate (HAuCly), leading to the forma-
tion of spherical Au NPs with sizes ranging from 20 to 40 nm. Also,
Leucophyllum frutescens leaves allowed the synthesis of Au NPs of various
geometries (triangular, spherical, rods) with an average size of ~22

Filtration

Boiling

I

Plant extract

1: Aggregation 2: Reduction 3: Stabilization ‘

Sedimented
nanoparticles

Precursor salt

Fig. 3. Schematic representation of plant-mediated biosynthesis of metallic nanoparticles.
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Table 2
Representative list of recent advances in the green synthesis of several types of MNPs using plants.
Plant Extract NP Size Shape Application Ref
(nm)
Taraxacum officinale Flowers Ag 45-55 Spherical Antioxidant [94]
Antimicrobial
Antidiabetic
Photocatalytic
Zataria multiflora Total aerial parts Ag 25.5 Spherical Antibacterial [98]
Biofilm inhibitory activity
Origanum majorana Leaf Ag 10-60 Spherical Antibacterial [34]
Echinacea purpurea Aerial part Ag 68 Spherical Antioxidant [99]
Catharanthus roseus Flower Ag 5-20 Spherical Photocatalytic reduction [100]
Antioxidant
Phoenix dactylifera Seed Ag 15-80 Spherical Antibacterial Antibiofilm Cytotoxic [101]
Psidium guajava Stem Bark Ag 20-80 cubic and hexagonal Antimicrobial [102]
Phyllanthus emblica Fruit Ag 60-80 Spherical - [103]
Bryonia laciniosa Seeds Au 20-40 Spherical Catalytic [105]
Antimicrobial
Leucophyllum frutescens Leaves Au ~22 Triangular, spherical, rod Catalytic [106]
Physalis minima Whole plant Au 15 Spherical Antidiabetic [107]
Antioxidant
Antimicrobial
Vitis vinifera Fruits Au - Antimicrobial [108]
Juglandaceae
Buchananialanzan
Phoenix dactylifera
Sageretia thea Leaves Au 32 Spherical and rod Antibacterial [109]
Antioxidant
Antileishmanial
Analgesic
Haplophyllum Leaves Au 4-4 Spherical Anticancer [110]
Verbascum speciosum Leaves Au 118 Polygonal and round Anticancer [111]
Ricinus communis L Seeds Au > 100 Spherical Antibacterial [112]
Hypericum perforatum L Flower Stem Leaf Au 10.5 Spherical Antioxidant [113]
9.2
11.5
S. rechingeri Jamzad Aerial parts Au 15.1 Spherical Anticancer [114]
Heliotropium eichwaldi L Whole plant Au 20 Rod Anti-acetylcholinesterase [115]
Stevia rebaudiana Leaves NiO 2-16 Spherical Antibacterial [117]
Salvadora persica Root Ni 18-45 Spherical Antibacterial [118]
Alhagi maurorum Leaves Ni 20-36 Spherical Anticancer [119]
Berberis balochistanica Stem NiO ~31 Rhombohedral Antioxidant [120]
Lactuca serriola Seed Ni > 100 Spherical Antibacterial [121]
NiO Catalytic
Opuntia ficus indica Leaves NiO 20-35 Spherical Energy storage [122]
Avicennia marina Leaves NiO 30-100 Flacks Electrochemical [123]
Sesbania grandifiora Flower NiO 19-60 Rod Anticancer [124]
Portulaca oleracea Leaf Ni 40 Flake - [125]
Acacia nilotica Leaves Ni 16 Spherical Antibacterial [126]
18 Tetragonal
Evolvulus alsinoides Leaves NiO ~11 Spherical Photocatalytic [127]
Anticancer
Eichhornia crassipes Whole plant Ni ~10 Cubic Hydrogen production [128]
Phragmanthera austroarabica Leaves Cu ~44 Spherical Anticancer [35]
Antibacterial
Catalytic
Hipphophae rhamnoides L Stem Cu 38-94 Spherical Anticancer [36]
Moringa oleifera Seeds Cu 7.3 Spherical Remediation [132]
Antimicrobial
Hyptis suaveolens Leaves Cu 7.2 Spherical Antibacterial [135]
Cynodon dactylon Leaves Cu 183 Spherical Antibacterial [136]
Photocatalityc
Foeniculum vulgare Leaves Cu 33-74 Spherical Anticancer [137]
Antioxidant
Carum carvi Seeds Cu 12.4 Spherical Seedlings [138]
Ocimum sanctum Leaves Cu 80-100 Spherical Antibacterial [139]
Tinospora Cordifolia Leaves Cu 500-1500 Irregular Photocatalytic [140]
Malva parviflora Leaves ZnO 15-53 Hexagonal Shelf-life improvement [143]
Irregular
Syzygium cumini Leaves ZnO 64-78 Spherical Fertilizer [144]
Photocatalytic
Thymbra spicata L. Leaves ZnO 6.5-7.5 Irregular Antimicrobial [145]
Bergenia ciliata Rhizome Zn0O 30 Flower Antimicrobial [146]
Anticancer
Solanum nigrum Leaves ZnO 30-86 Rectangular Anticancer [147]

(continued on next page)
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Table 2 (continued)
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Plant Extract NP Size Shape Application Ref
(nm)
Salix tetrasperma Leaves ZnO 5-43 Spherical Antimicrobial [148]
Anticancer
Antioxidant
Caesalpinia crista Seeds ZnO 34.67 Irregular Antimicrobial [149]
Anticancer
Antioxidant
Callicarpa tomentosa Leaves ZnO 30-60 Hexagonal Bactericidal [150]
Areca catechu Nut ZnO 20 Spherical Photocatalytic [37]
Antibacterial
Dysphania ambrosioides Leaves ZnO 7-130 Spherical Antibacterial [38]
Nigella sativa Seed Cu ~98 - Antibacterial [151]
Antiobesity
Acer pentapomicum Leaf Ag 19-25 Multiple Antimicrobial Antioxidant [152]
Ferula pseudolliacea Root Ag - Multiple Antibacterial [153]
Antimicrobial
Antioxidant
Olea europaea Leaf Ag 35-40 Multiple Antibacterial [154]
Camellia sinensis Leaf Ag 25-30 Multiple Antibacterial [154]
Rosa damascena Flowers Au - Spherical Anticancer [155]
Camellia sinensis Leaf Fe 30-120 - Catalysts in biodiesel production [156]

+20nm [106]. In turn, Physalis minima (whole plant) allowed the

synthesis of NPs (15 nm) with antidiabetic, antioxidant, and antimi-
crobial properties [107]. Patil et al. synthesized Au NPs using extracts
from Vitis vinifera, Juglandaceae, Buchananialanzan and Phoenix dactyli-
fera [108]. The extract from each plant has its own identity as a natural
product, resulting in different patterns of formation of adducts and co-
ordination bonds between Au and the compounds. Sageretia thea leaves
extract (naturally enriched with phenols, flavonoids, and
flavonoids-O-glycosides) produced Au NPs showing antibacterial, anti-
oxidant, antileishmanial, and analgesic activities [109].

Other reported species for Au NPs biosynthesis include, for instance,
Haplophyllum [110], Verbascum speciosum [111], Ricinus communis L
[112], Hypericum perforatum L [113], S. rechingeri Jamzad [114] and
Heliotropium eichwaldi L [115].

Despite the significant prevalence of Ag and Au NPs in the literature
regarding plant-mediated green synthesis, nickel (Ni), copper (Cu), and
zinc (Zn) NPs have also gained the interest of the scientific community.
Ni and Ni oxide NPs (NiO NPs) present exciting properties for use in
multiple applications, such as bad gap stability and high surface area,
and they are reusable [116]. Moghadam et al. [117] reported the syn-
thesis of Ni NPs using Stevia rebaudiana leaves (2-16 nm). These Ni NPs
demonstrate a dose-dependent growth inhibition of Streptococcus mutans
with a minimum inhibitory concentration of 250 pg/mL. The phyto-
constituents (steroids, flavonoids, ester, and fatty acids) of Salvadora
persica root were also used as reducing and capping agents of spherical
Ni NPs with a size range of 18.20-45.12 nm [118]. In addition to
demonstrating good antioxidant activity, these NPs have good antibac-
terial activity for several microbial strains, presenting the highest anti-
bacterial activity for Enterobacter cloacae [118]. In turn, Alhagi
maurorum leaves extract synthesized Ni NPs with sizes between
20.56-36.63 nm [119]. The NPs demonstrated anti-human ovarian
cancer properties, revealing half maximal inhibitory concentration
(ICsp) values of 191, 312, 250, 396, and 241 pg/mL against OVCAR-3,
ES-2, TOV-21G, OV-90, and UWB1.289 cell lines respectively. Other
reported species for Ni NPs biosynthesis include, for instance, Berberis
balochistanica [120], Lactuca serriola [121], Opuntia ficus indica [122],
Avicennia marina [123], Sesbania grandiflora [124], Portulaca oleracea
[125], Acacia nilotica [126], Evolvulus alsinoides [127], and Eichhornia
crassipes [128].

Even though not fully known yet, the biosynthesis of Cu NPs is
associated with the free carboxylic and amino groups of phenolic, fla-
vonoids, and other molecules as reducing agents of Cu ions [129]. In
turn, the MNPs stabilization is ensured by the C =C,C =0 — C,and C

= O groups of heterocyclic compounds [130,131].

Phragmanthera austroarabica was used to mediate the synthesis of Cu
NPs, and the authors studied several biosynthesis parameters (metal
concentration, incubation period, and pH) [35]. It was found that
10 mM of Cu sulfate was the ideal concentration, and higher concen-
trations lead to increased instability and MNPs size, harming the NPs
synthesis. Furthermore, pH 10 was ideal for the synthesis, while an
acidic medium does not allow NPs synthesis [35]. In turn, Dadhwal et al.
[36] used the stem extract of Hippophae rhamnoides L. in the synthesis
process, and the solution colour changed from pale yellow to dark
brown, indicating the reduction of Cu (iii) to cupric ion (Cu™). The
spherical NPs (38-94 nm) revealed concentration-dependent activity
with an ICs value at 48 ug/mL towards HeLa (human cervical carci-
noma cells) cancer cell lines. Furthermore, the seed extract of Moringa
oleifera mediated the synthesis of Cu NPs, which showed a
dose-dependent removal of the water pollutant hexavalent chromium
[Cr(VD)] [132]. The removal of pollutants using green-synthesized NPs
has also been demonstrated with other systems, highlighting the
versatility of this approach. For example, a nano-MgO carbon nano-
composite synthesized from cashew nut shells and rose petal extract
effectively adsorbed the dye Rhodamine B due to the presence of uni-
formly distributed MgO nanoparticles and surface functional groups
introduced during the green synthesis process [133]. Similarly, chito-
san-MgO nanocomposites efficiently removed acenaphthene via elec-
trostatic interactions and physisorption [134].

Other reported species for Cu NPs biosynthesis include, for instance,
Hyptis suaveolens [135], Cynodon dactylon [136], Foeniculum vulgare
[137], Carum carvi [138], Ocimum sanctum [139], and Zataria multiflora
[140].

Zinc oxide (ZnO) NPs are another class of metallic NPs that physical,
chemical, or biological routes can synthesize. This type of NPs has
gained importance due to their pyroelectric and piezoelectric properties,
high band gap, and structure-dependent thermal properties [141]. Its
plant-mediated synthesis process is similar to the NPs discussed previ-
ously, based on adding precursor salts (Zn nitrate or Zn acetate) to plant
extracts. The aromatic OH groups of bioactive components extracted
from plants or parts thereof adhere to Zn™, reducing it to ZnO NPs [142].
Igbal et al. [143] described the process in two steps. The first one
involved the reduction of Zn acetate dehydrate (Zn(CH3CO3)2) to Zn
hydroxide (Zn(OH),) by the flavonoids present in the plant extract. The
next step is promoted by adding a basic solution (sodium hydroxide
(NaOH)), which reduces Zn hydroxide to ZnO NPs. Eq. 3 summarizes the
processes [143].
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Zn(CH3C02)2 ¢ 2H,0 —>Zn(OH)2 + 2CH3;COOH

Zn(OH), —ZnO+ H,0 3

For instance, ZnO NPs can be used as a fertilizer for wastewater
purification. Rafique et al. [144] used Syzygium cumini extract to syn-
thesize ZnO and found that by increasing the amount of extract (from 10
to 25 mL), the size of the NPs decreased from 78 to 64 nm. This effect is
associated with an increase in the concentration of phytochemicals,
which, in turn, increases the capping ability during the nucleation, ag-
gregation, and formation of NPs. The NPs demonstrated dual function-
ality by enhancing the germination of Pennisetum glaucum seeds by 60 %
and degrading 98 % of Rhodamine B (RhB) dye from contaminated
water. This type of MNPs also has antibacterial properties. For example,
Gur et al. [145] synthesized ZnO NPs from Thymbra Spicata L. plant
leaves, demonstrating activity against Escherichia coli, Bacillus subtilis,
Pseudomonas aeruginosa, and Candida albicans. The anticancer potential
of green synthesized ZnO mediated by Bergenia ciliata was explored
[146]. The synthesized NPs demonstrated anticancer ability towards
HeLa cells (ICso= 101.7 pg/mL) and HT-29 cancer cells
(IC50=124.3 pg/mL). The same type of NPs, this time synthesized from
the leaves of Solanum nigrum, was also demonstrated to induce apoptosis
in HelLa cell lines [147]. The significant anticancer activity was associ-
ated with inhibition of p-catenin and increased caspase-3, caspase-9, and
p53 levels. The ZnO NPs synthesized from Salix tetrasperma demon-
strated promising results in multiple applications [148]. The authors
demonstrated their antioxidant potential, antimicrobial activity
(confirmed for Staphylococcus aureus, Salmonella typhimurium, Pseudo-
monas aeruginosa, Bacillus subtilis, Klebsiella pneumonia, and Escherichia
coli) and anticancer activity against prostate cancer cells. Other reported
species for ZnO NPs biosynthesis include, for instance, Caesalpinia crista
[149], Callicarpa tomentosa [150], Areca catechu [37], and Dysphania
ambrosioides [38].

3.2. Algae-mediated synthesis

3.2.1. Overview of algae biosynthesis mechanisms and advantages

Algae are eukaryotic organisms that make photosynthesis and
inhabit the water [157]. Algae-microalgae and seaweed have been used
as food and medicinal resources for the last 14,000 years ago in Asia
beyond the old register of seaweed culture in Chile and some islands
around the world [158]. Macroalgae are primarily applied in nori and
other foods known worldwide as wakame and kombu. In contrast,
microalgae such as Chlorella vulgaris have been used as protein, amino
acids, and vitamin B12 sources [157]. Micro and macroalgae have pig-
ments such as Lutein, Fucoxanthin, Astaxanthin, and Zeaxanthin that
have biological activities as anti-cancer, antioxidant, anti-inflammatory,
anti-cancer, anti-obesity, neuroprotective, and cardioprotective that can
be applied in functional food, pharmaceuticals, and cosmeceuticals in-
dustry with a expect market of US$452 million by 2025 [159].
Furthermore, the algae are rich in soluble fibres, proteins, carbohy-
drates, lipids, oils, fats, polyunsaturated fatty acids, minerals, and vi-
tamins, being, therefore, an indispensable source of food [157,159,160].
Despite algae usually having taste and smell undesired by the majority of
people, some modifications to improve the sensory perspectives and
increase their use have been made [157]. They can also be used in
wastewater treatment when living algae or biomass make the bio-
sorption of heavy metal ions during the growth algae process [161].
Algae can efficiently remove nitrogen, phosphorus, and cod from water
while producing biomass, that can be used as biofuel [161]. In addition
to the examples above, algae can also be used for greenhouse gas
reduction, medicine [161,162], bioactive pigments [159], bioplastic
[160], bio-fertilizer [163], and NPs synthesis [164].

Algae extracts have various bioactive compounds such as chloro-
phylls, phycobilins, carotenoids, and antioxidants that work as reducing
and stabilizing agents [165]. The synthesis mostly reports the process of
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NPs mediated by algae as extracellular that occurs almost in the same as
what is previously mentioned in the plant section where the extract is
made usually in aqueous and/or alcoholic with heat and stirring. Then,
it is mixed with metallic salt under determinate temperature, stirring,
time and, sometimes, pH control. The general algae-mediated biosyn-
thesis of metallic NPs is described in Fig. 4.

The biosynthesis mediated by algae can also be intracellular, where
natural metabolic processes such as respiration, photosynthesis, or ni-
trogen fixation are utilized for the synthesis. The enzyme that carries the
electrons in cells, nicotinamide adenine dinucleotide phosphate
(NADPH), and their dependence are probably responsible for the NPs
synthesis when the cells are in contact with metallic ions [165].
Although biomolecules play an unequivocal role in the synthesis, sta-
bilization, and capping of NPs, the complete process is not yet fully
understood by the scientific community. To gain a deeper understanding
of this topic, some researchers have employed atomic-scale simulations.
For instance, Les et al. [166] investigated the interaction of gallic acid
molecules with magnetite nanoparticles to enhance biocompatibility.
Gallic acid, a molecule commonly found in plants, algae, and fruits, was
analysed using the molecular modelling software Spartan’18. The study
aimed to evaluate how gallic acid contributes to improving the disper-
sion of nanoparticles in water. TEM images confirmed the good inter-
action between the molecules and the nanoparticles, showing a coating
of the biomolecule on the nanoparticle surface. Simulation results
demonstrated that hydration of the gallic acid molecule increased its
dipole moment, facilitating water interaction. The authors also observed
that dipole-dipole interactions and hydrogen bonds coexisted and varied
in influence depending on the solvent concentrations of ethanol or
dimethyl sulfoxide.

In another study, Kim et al. [167] explored the growth mechanism of
AuNPs in the presence of caffeic acid. Caffeic acid, which is found in
microalgae and plants, served as a reducing agent for AuNP synthesis.
Oxidized caffeic acid, resulting from the reduction of gold ions, was used
in molecular dynamics simulations conducted with the LAMMPS soft-
ware. TEM analysis revealed that a concentration of 0.008 mM caffeic
acid had no significant effect on the size of the AuNPs. However, at
concentrations ranging from 0.04 mM to 0.24 mM, the particle shape
became increasingly spherical. Beyond this range, the shape stabilized in
a more spherical form. Simulations showed that at low concentrations,
the shape of the AuNPs was primarily controlled by the surface free
energy of specific facets. As the concentration increased, caffeic acid
molecules were adsorbed onto the surfaces, acting as stabilizing agents
during particle formation.

3.2.2. Algae-mediated metallic nanoparticle synthesis and applications
Most recent studies involving the application of algae for NPs syn-
thesis are focused on biomedical applications, followed by water treat-
ment, particularly for dye removal, as seen in Table 3. In this context, Ag
is one of the most extensively investigated metals. Pekkon et al [168]
used the algae Sargassum spp., which harms the local ecosystem and
impacts human activities and the economy during excessive bloom
events. The obtained extract contained polysaccharides, proteins, and a
small amount of phenols, contributing to reducing Ag™ ions to form NPs
(Fig. 5). In addition to conventional preparation techniques (involving
stirring and heating), the authors conducted the synthesis using a mi-
crowave for 0—4 min. The results demonstrated that microwaves facili-
tated the formation of NPs, reduced the synthesis time, reduced energy
consumption, and improved the uniform dispersion of Ag NPs. The au-
thors hypothesise that microwaves may promote the degradation of
polysaccharides and release sugars that favour the synthesis process,
although the exact mechanism remains unspecified [168]. Although the
Ag NPs were relatively uniform, they were likely aggregated due to
hydrogen bonding, revealing a zeta potential of —9.4 mV. Besides the
demonstrated antioxidant potential, Ag NPs also exhibited toxicity to
cancer cells while harmless to healthy cells. Additionally, Vinayagam
et al. [169] obtained a more stable Ag NPs solution with a zeta potential
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Fig. 4. Schematic representation of algae-mediated biosynthesis of metallic nanoparticles.

of —22.6 mV using the same algae. The XRD results revealed the pres-
ence of organic components from the algal extract on the surface of the
nanoparticles, which acted as a capping agent.

The red algae Calliblepharis fimbriata was used to obtain an extract
containing starches, alcohols, ethers, carboxylic acids, and anhydrides
to synthesise Ag NPs [170]. The reaction resulted in spherical-shaped
NPs ranging from 25 to 30 nm (using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)), while dynamic
light scattering (DLS) studies indicated an average size of 198 nm and a
polydispersity index (PDI) of 0.305. The fourier-transform infrared
spectroscopy (FTIR) results demonstrated the reduction of silver ions
and the oxidation of carbonyl and hydroxyl groups, proving that sec-
ondary metabolites played a role in the synthesis and stabilization of the
NPs.

Caulerpa racemosa was used by Thanigaivel et al. [171] in ethanolic
extract to collect polysaccharides to work as a reducing agent, and the
resulting NPs were applied against the bacterium P. aeruginosa,
achieving an efficacy rate above 80 % in tilapia in a contaminated tank.
Biomolecules extracted in ethanolic extract from Ulva fasciata with ul-
trasound were used to synthesise Ag NPs of ~50 nm, possibly reduced
with the assistance of O-H groups. These particles demonstrated anti-
fungal, antioxidant, and anticancer activities [172]. Recently, other
studies have synthesised Ag NPs using algae such as Chlorococcum
humicola and Chlorella vulgaris [173,174], Porphyra yezoensis [175],
Sargassum horneri [176], Sargassum polycystum [177], Turbinaria ornata
[178], Sargassum tenerrimum [179], Cheatomorpha antennia [180], Cap-
sosiphon fulvescens [181], Ulva lactuca [182], and Eisenia bicyclis [183].

AuNPs have been the focus of numerous recent studies. Govindaraj
[184] used the algae Spatoglossum asperum to synthesise Au NPs for the
treatment of brain cancer (glioblastoma), which is challenging to treat
due to its resistance to chemotherapeutic drugs, their side effects, and
the challenge of delivering medications to the brain. Spectroscopy
studies revealed increased intensity peaks at 530 nm (characteristic of
Au NPs) along the reaction time, followed by colour changes. FTIR re-
sults indicated a significant presence of phenolic and carboxylic groups,
while mass spectrometry identified a substantial peak of C;6H;1F¢N304,
a flavonoid present in vitamin P. The Au NPs revealed an average size of
20 nm NPs with cubic shape (Fig. 6) and to be efficient against free
radicals in a dose-dependent manner, with an efficacy close to that of
vitamin C, when varying the concentration between 10 and 50 pg/mL.
Furthermore, concentrations between 3 and 50 pg/mL were revealed to
reduce the viability of cancer cells, causing damage, and preventing
their spread while showing no significant action against healthy

fibroblast cells. This efficacy is attributed to the combined action of gold
atoms and the biomolecules from the algae.

Au NPs synthesis was also performed using ethanolic extracts of
Cystoseira trinodis (Ct), Cystoseira myrica (Cm), and Caulerpa prolifera
(Cp) [185], which contained various biomolecules such as alcohols,
phenols, hydroxyl groups, polysaccharides, and carboxylate groups.
Upon the reaction, assays indicated slightly spaced peaks for each NPs:
Au NP (Cm) had 545 nm, Au NP (Ct) 540 nm, and Au NP (Cp) 555 nm,
with zeta-potentials of —20 mV, —40.3 mV, and —47.2 mV, respec-
tively. The diameter ranged from 12.6 to 15.5 nm, with spherical, hex-
agonal, and triangular shapes. Microorganism tests showed that Au NP
(Cm) performed equal to or better than control antibiotics against
S. aureus, E. coli, Salmonella enterica, Candida albicans, and Aspergillus
niger. Moreover, Au NP (Ct) also performed better against S.s aureus, E.
coli, Salmonella enterica, Candida albicans, and Aspergillus niger.
Regarding anti-inflammatory activity, Au NP (Cm) performed almost
identically to sodium diclofenac at the same concentrations, while the
other NPs showed slightly inferior performance. Against the larvae of
S. mansoni (cercariae), all NPs achieved 100 % mortality, with times
ranging from 7 minutes for Au NP (Cm) to 30 minutes for Au NP (Ct).
AuNPs were also extracted using algae extracts from Digenea simplex
[186] Undaria pinnatifida [187], Padina tetrastromatica [188], and
Sargassum horneri [176].

In a study diverging from the majority of the algae-based synthesis,
Zvab et al. [189] used biosynthesis to convert metals and ions into
non-toxic waste, potentially reducing the cost of cleaning water
contaminated by Cu on a large scale. The above contamination is
responsible for decreased biodiversity, increased bacterial antibiotic
resistance, and risk to human health. The research was conducted with
genetically confirmed clone sequences of Chlamydomonas reinhardtii
cultivated in a controlled environment with added Cu®*. Samples were
collected on the first day and over the next three days, confirming the
synthesis of Cu NPs with a diameter of less than 10 nm and spherical
shape. Cu NPs were also the subject of the Alsalamah et al. [190] study,
which used the Padina boergesenii algae, rich in daidzein, ellagic acid,
and chlorogenic acid. A control solution containing Cu acetate, but no
extract exhibited no colour change after 5 hours and showed no effect.
The CuO NPs have shown spherical shape with an average size between
5 and 17 nm with crystalline structures. The antifungal assays indicated
a concentration-dependent inhibition of growth, with inhibition zones
of 26 mm for B. subtilis, 23 mm for E. coli, 25 mm for K. pneumoniae, and
22 mm for S. aureus, support the potential of using CuONPs as effective
antibacterial agents to combat various bacterial pathogens.
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Table 3
Representative list of recent advances in the green synthesis of several types of MNPs using algae.
Algae NP Size (nm) Shape Application Reference
Sargassum spp Ag/AgCl 10-175 Spherical Anticancer [168]
Antioxidant
Sargassum spp. Ag ~11.99 Spherical Detection of HyO» [169]
Calliblepharis fimbriata Ag 25-30 Spherical Nanopesticide production [170]
Caulerpa racemosa Ag 88 + 0.5 Spherical Ant-pathogenic fish bacteria [171]
Ulva fasciata Ag/AgCl ~50 Spherical Antifungal [172]
Antioxidant
Anti-cancer
Chlorococcum humicola and Chlorella vulgaris Ag 10-13 Spherical Antimicrobial [173]
Porphyra yezoensis Ag 100-200 Spherical Antioxidant [175]
Sargassum horneri Ag and Au 22.7(Ag) Spherical Prevent water pollution and to treat [176]
13.2(Au) wastewater
Sargassum polycystum Ag < 100 Spherical Antimicrobial [177]
Turbinaria ornata Ag ~74 Spherical Antioxidant [178]
Anti-uropathogenic
Sargassum tenerrimum Ag 13-46 Spherical Antimicrobial [179]
Cheatomorpha antennia Ag 24 +£24 Spherical Antibacterial [180]
Capsosiphon fulvescens Ag 20-22 Spherical Anti-cancer [181]
Ulva lactuca Ag 39 - Biohydrogen production [182]
Eisenia bicyclis Ag 185+1.2 Spherical Antimicrobial [183]
Anticancer
Spatoglossum asperum Au 20 Cubic Anticancer [184]
Antioxidant
Cystoseira trinodis, Cystoseira myryca, and Caulerpa Au ~15 Spherical, triangle, and Antimicrobial [185]
profilera hexagonal Anti-inflammatory
Schistolarvicidal activity
Digenea simplex Au, ZnO and 5-40 Spherical, rods, triangles. and Antioxidant Antitoxicity [186]
ZnO-Au hexagonal Anti-inflammatory
wound healing activities
Undaria pinnatifida Au 17.36 Spherical Obesity control [187]
+2.49
padina tetrastromatica Au 10-70 Multiples Anticancer [188]
Chlamydomonas reinhardtii Cu <10 Spherical - [189]
Padina boergesenii CuO 5-17 Spherical Control of fungal [190]
Bacterial growth
Photocatalytic degradations of dyes
Padina tetrastromatica CuO ~83 Lamellar Antibacterial [191]
Anticancer
Ulva lactuca Cu - - Antioxidant [192]
Padina pavonica Fe304 10-21 Spherical Remove dye [193]
Antioxidant
Spatoglossum asperum Fe304 ~16 Spherical Antioxidant [194]
Anticancer
Spirulina Fe304 ~28.5 Multiples Remove CV dye from wastewater [195]
Pterocladia capillacea Zn and ZnO 1000 - Elimination of Organic Toxic Dye [196]
(absorption)
Tetraselmis indica ZnO 27 Spherical Antibacterial [197]
Antioxidant
Hemolytic assays.
Kappaphycus alvarezii ZnO 100-200 Spherical Antimicrobial [198]
Anticancer
Elodea canadensis Co ~14 Multiples Antimicrobial [199]
Padina gymnospora and Turbinaria ornata SnO, 3-25 Spherical Antioxidant [200]
Antibacterial
Caulerpa racemosa, Codium fragile, and Cystoseiramyrica ~ TiOy 20-30 Tetragonal Antibacterial [201]
Bostrychia tenella and Laurencia obtusa, Halimeda tuna, TiO, 8-23 Spherical Antifouling [202]

Sargassum filipendula)

Furthermore, the algae alone proved almost inoffensive, except for the
maximum concentration of 200 mg (Fig. 7.A). The dye degradation as-
says with methyl green and methyl orange, showed an increased
degradation over time when exposed to CuO NPs, with methyl orange
continuously degrading less than methyl green. Other algae, such as
Padina tetrastromatica [191], and Ulva lactuca [192] were also used for
CuO or Cu NPs synthesis.

The seaweed Padina pavonica, containing significant amounts of
carbohydrates, lipids, minerals, and vitamins, was used by Caf [193] to
prepare FesO4 NPs for dye adsorption applications and neurotoxicity
and antioxidant activity evaluation. Fe304 NPs with diameters within 10
and 20 nm and a zeta potential of —8.53 mV were produced; the zeta
value indicates anionicity, as is usual with algae, but also low colloidal
suspension stability. Concerning the removal of the dye, the outcome

10

demonstrated that when the NPs concentrations were higher, the po-
tential removal of dyes was significant and within a short period. In
addition, the adsorption was faster under acidic conditions where the
dye was cations and reacted with cations over the NPs surfaces. Human
cells were used for in vitro evaluation of the toxicity of NPs, which
indicated its toxicity only with high doses since the ICsy was at a con-
centration of 400 ug/mL (Fig. 7.B). Then, the antioxidant activity to-
wards 2,2-diphenyl-1-picrylhydrazyl (DPPH) was measured, and it was
found that they had an antioxidant activity of 39.6 %, whereas the
extract had 70.96 %. Spatoglossum asperum [194] and Spirulina [195]
were also utilised to synthesise Fe3O4 NPs.

Other than these metals, some different metals have been used in
algae-assisted synthesis, such as Zn [186,196-198], cobalt [199], tin
[200], and titanium [201,202]. Cobalt (Co) is one of the significant
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Fig. 5. Ultraviolet-visible spectroscopy (UV-Vis) absorption spectra of
Sargassum spp. extract and Ag salt immediately after mixing, after 1 minute in
the microwave, and after stirring for 24 hours. Adapted from [168].

materials with heat-resistant and magnetic properties. In biomedicine,
Co NPs may be used in magnetic resonance imaging, drug delivery, and
hyperthermia, besides having antibacterial, optical, and catalytic
properties. Shu-Hua et al. [199] extracted from Elodea canadensis algae
for Co NPs synthesis. For the extract, 5 g of algae was placed in 100 mL
of distilled water, left overnight, and then heated at 80°C for 35 min,
cooled, and microfiltered. The synthesis was done by mixing 10 mM of
cobalt (II) nitrate with 30 mL algae extract, which showed a colour
change after 90 min. FTIR results showed the presence of polyphenolic
groups of O-H bonding aromatic C=0 groups and carbonyl groups of
proteins or amino acids possibly encapsulated the NPs, preventing their
aggregation and growth.

Furthermore, Thirumoorthy et al. [197] used Tetraselmis indica algae
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as a precursor to obtain ZnO NPs. X-ray Diffraction (XRD) confirmed the
wurtzite (HCP) crystalline structure in a spherical shape with an average
diameter of 27 nm. SEM images showed diameters between 20 and
40 nm and 10-20 nm in TEM. The ZnO NP demonstrated antibacterial
properties against S. aureus and E. coli. Other recent works synthesised
Zn NPs using Kappaphycus alvarezii [198], Pterocladia capillacea [196],
Digenea simplex [186], de Tin oxide with Padina gymnospora and Turbi-
naria ornata [200] and Titanium oxide using Caulerpa racemosa, Codium
fragile, Cystoseira myrica [201] Bostrychia tenella, Laurencia obtusa, Hal-
imeda tuna, and Sargassum filipendula [202].

3.3. Bacteria-mediated synthesis

3.3.1. Overview of bacteria biosynthesis mechanisms and advantages

Bacteria are no-nucleus, single-celled prokaryotic microorganisms
whose forms are: rod-shaped, bacilli; spherical, cocci; spiral-shaped,
spirilla; and helical, spirochetes, and some may attain several milli-
metres in length whilst others reach only several micrometres [203,
204]. The cell is simple while containing a cell wall, plasma membrane
and cytoplasm, where all the metabolic activities take place [205].
Other bacterial components are flagella, providing them mobility;
pili-adhesiveness; and plasmids-small fragments of DNA that can be
passed from one bacterium to another and can transmit resistance to
antibiotics [206]. Despite their simplicity, bacteria play a significant
role in a series of ecological processes: they cycle nutrients, degrade
organic matter, and fix nitrogen in soil [207]. Bacteria are applied from
an ecological standpoint because they range through almost all possible
ecological niches and could be capable of metabolizing a high number
and variety of substances from environment control through food
technology to biotechnology and onward [208].

Bacteria can synthesise NPs intracellularly, within the cytoplasm, or

Fig. 6. (A-C) SEM images demonstrating the cubic shape of Au NPs at different magnifications.

Adapted from [184].
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extracellularly, outside the cell [209,210]. In short, the mechanism of
intracellular synthesis relies on electrostatic interaction between metal
ions that are attracted to the negatively charged membrane. In the case
of extracellular synthesis, metal ions are reduced to form NPs by en-
zymes located on the bacterial cell membrane [211,212].

This reduction is normally mediated by enzymes or other bio-
molecules produced by bacteria, such as nitrate reductase, hydrogenase,
and oxidoreductases, which act as electron donors, facilitating the
transformation of metal ions into NPs. These enzymes play a crucial role
in controlling nucleation and growth, influencing the size, shape and
stability of the synthesized NPs [188]. Similarly, bacteria secrete
extracellular polymeric substances, siderophores, and metal-binding
proteins, which not only stabilize the synthesized NPs but also influ-
ence their physicochemical properties, preventing aggregation and
enhancing biocompatibility [209,210]. These biomolecules act as
nontoxic stabilizing agents, which exclude extra toxicity through syn-
thetic capping agents to the process [213,214]. This natural stabilization
process increases the NPs biocompatibility, which is required for med-
ical and pharmaceutical applications [215,216]. However, some debate
exists over NPs synthesis, where some authors point out that extracel-
lular NPs synthesis is more favourable due to easier purification pro-
cesses when compared to intracellular methods [211]. This method is
not only eco-friendly but also offers a route to the synthesis of various
NPs with different features [217].

The green synthesis mediated by bacteria is carried out through
different steps. The exact methods and conditions for each one (e.g.,
culture medium composition, incubation times, metal ion concentra-
tion) can vary depending on the bacterial species and the targeted NPs’
characteristics [218,219], but, in general, they include: (i) Selection of
bacterial strain (based on its ability to reduce metal ions); (ii) Cultiva-
tion; (iii) Incubation with metal ions; (iv) Reduction and nucleation; (v)
Growth and stabilization; (vi) Harvesting (the purification involves
several techniques such as centrifugation, filtration, or others); (vii)
Characterization; and (viii) Post-processing (optional) (Fig. 8).

3.3.2. Bacteria-mediated metallic nanoparticle synthesis and applications

Many bacteria, using different enzymatic and metabolic pathways,
have been mediating the synthesis of NPs [211]. Table 4 overviews some
bacteria synthesizing metallic NPs with their key associated elements.
Some potential applications of bacterially-mediated NPs include medi-
cine, pharmaceuticals, and material sciences [210].

The supernatant from Bacillus coagulans was used as a stabilizing and
bioreducing agent to synthesize Fe3O4 NPs [220]. The process begins
with cultivating Bacillus coagulans in Brain Heart Infusion (BHI) broth,
followed by centrifugation to obtain the cell-free supernatant containing
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various biomolecules and metabolites. Those revealed an average size of
15 nm, an irregular cubic shape and a monodispersed distribution.
Furthermore, they demonstrated antibacterial and antibiofilm activities,
particularly against uropathogenic E. coli with a minimum inhibitory
concentration (MIC) of 150 ug/mL. John et al [221] have bio-
synthesized CuO NPs with bacteria isolated from an Antarctic con-
sortium, which included Marinomonas, Rhodococcus, Pseudomonas,
Brevundimonas, and Bacillus. First, the bacterial cultures were exposed to
Cu sulphate, revealing resistance against concentrations up to 5 mM.
The sizes of the NPs ranged from 10 to 70 nm and, thus, depending on
the bacterial species, the sizes varied with the different metabolic
pathways and secondary compounds produced by bacteria. The MIC for
gram-negative bacteria showed between 3.12 and 25 pg/mlL, for
gram-positive bacteria between 12.5 and 25 pg/mL, and fungi between
12.5 and 25 pg/mL. This may be attributed to differences in sizes and
shapes when undertaking antibacterial activities depending on the
species of bacteria used in biosynthesis. It has been shown that 30 nm
CuO NPs presented better activity against pathogens than the smaller
NPs. The same group also used novel bacterial strains, Rhodococcus,
Brevundimonas and Bacillus of the Antarctic consortium for Ag NPs
synthesis. Spherical and rod-like NPs were obtained with sizes ranging
from 20 to 50 nm [222]. They showed good stability having a negative
charge of —32.8 mV, —29.6 mV, and —28.1 mV of Rhodococcus, Bre-
vundimonas, and Bacillus respectively.

Ag NPs stand out due to their many potential applications, mainly in
medicine. One strain of Paenibacillus sp. MAHUQ-63 was employed for
rapid biosynthesis of Ag NPs and used to control the growth of human
pathogens like Salmonella Enteritidis and Candida albicans [223]. The NPs
demonstrated remarkable activity against the microorganisms with
morphological and structural damage, proving the use of these
bacterially-mediated Ag NPs as an effective antimicrobial agent [223].
Bacillus pumilus isolate ROM6 was also used to synthesize Ag NPs with a
production efficiency of 90 % at AgNO3 concentrations below 0.9 g/L,
showing that 33 mL of supernatant could convert a significant per-
centage of silver ions into NPs [224]. Even though the synthesis process
is not fully understood, the authors point to extracellular mechanisms
that use proteins and enzymes (such as nitrate reductase) in the super-
natant for the reduction. The Ag NPs revealed a size distribution be-
tween 20 and 70 nm and a MIC from 1.4 to 5.6 pug/mL against pathogens
such as S. aureus, E. coli, P. aeruginosa, and A. baumannii.

Moreover, Ag NPs synthesized by Aggregatimonas sangjinii F202Z8T
revealed sizes (27-82 nm) and shapes similar to the latter [225]. How-
ever, this type of NPs were synthesized intracellularly via nitrate
reductase without external stressors or additives such as antibiotics,
nutrient stress, or electron donors. The authors identified 17 putative
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Fig. 8. Schematic representation of bacterially mediated green synthesis of MNPs.
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Table 4
Representative list of recent advances in the green synthesis of several types of MNPs using bacteria.
Bacteria NP Size Shape Application Extracellular and/or Ref.
(nm) intracellular
Bacillus coagulans Fe304 ~15 Irregular cubic Antibacterial Extracellular [220]
Antibiofilm
Marinomonas, Rhodococcus, Pseudomonas, Brevundimonas, and ~ CuO 10-70 Spherical Antibacterial Extracellular [221]
Bacillus
Rhodococcus, Brevundimonas and Bacillus Ag 20-30 Spherical and Antibacterial Extracellular [222]
rod- Antifungal
Bacillus pumilus Ag 20-70 Spherical Antibacterial Extracellular [224]
Aggregatimonas sangjinii Ag 27-87 Spherical Antibacterial Intracellular [225]
Planococcus maritimus Ag 24.9 Spherical to Antibacterial Extracellular [227]
cubic Antifungal
Anticancer
Escherichia coli D8 (MF06257) Ag 6-17 Spherical Antimicrobial Extracellular [228]
Antifungal
Pseudomonas alloputida BOO3 UAM Ag 9.290-62.750 Quasi-spherical ~ Antibacterial Extracellular [229]
Enterobacter hormaechei Ag 10-92 Spherical Antimicrobial Extracellular [230]
Bacillus zanthoxyli GBE11 Ag 3-31 Spherical Antimicrobial Extracellular [231]
Cytobacillus firmus Ag 36-687 Spherical Antimicrobial Extracellular [232]
Lactobacillus plantarum Ag ~19.2 Spherical Antimicrobial Extracellular [233]
Bacillus thuringiensis Ag 748 Irregular Antibacterial Extracellular [234]
Bacillus licheniformis Ag 2-22 Spherical Antibacterial Intracellular [235]
Vibrio alginolyticus Au 100-150 Irregular Antioxidant Extracellular [236]
Anticancer
Rhodococcus Actinobacteria Au 30-120 Spherical Antimicrobial Intracellular [237]
40-200
Lysinibacillus sp. SH74 Zn 3-5 - - - [238]
Streptomyces sp. Zn - - Antibacterial - [239]
Pseudomonas aeruginosa Zn 6-21 Spherical Antimicrobial Extracellular [240]
Larvacidal
Lactobacillus Cdo 40,48,67 Spherical Antibacterial Extracellular [241]
Pseudoalteromonas shioyasakiensis (PL 2476, AF 2469, and G Se and Te 8-10 Spherical Antimicrobial Intracellular [242]
2451), and A. macleodii 2328 Antifouling
Anticancer
Halomonas elongate and Salinicoccus iranensis Se 30-100 Spherical - Intracellular [48]
Raoultella planticola, Pantoea agglomerans Ag, AgCl 10-50 Centered Antimicrobial - [243]
cubic crystal
Nocardia asteroids Au 19 Spherical Antibacterial - [244]
Pseudomonas aeruginosa Se, Ag and 10-15, 20-30, and Spherical and Antibacterial Extracellular [245]
Ag,Se 30-40 cubic Antibiofilm
Photocatalytic
Priestia megaterium Zn 5-14 Semi-spherical Anticancer Extracellular [246]

genes that may play roles in the synthesis, including those involved in
stimulating reductive factors, constituting components of the electron
transport chain, and regulating enzyme activity [226]. Besides, Plano-
coccus maritimus, a gram-positive halotolerant marine bacterium, was
used to synthesize this type of NPs [227]. This is characterized by its
ability to thrive in saline environments, making it an ideal candidate for
biotechnological applications. The synthesis was mediated by extracel-
lular processes, resulting in small, well-defined particles with an average
size of 24.9 nm. These NPs exhibited minimal antibacterial activity
against most tested strains except for Pseudomonas aeruginosa, which
showed an inhibition zone of 11 mm. The maximum activity observed
was towards the Aspergillus species: 14.33 mm for Aspergillus niger and
11.33 mm for Aspergillus flavus. Further cytotoxic effects were shown by
the Ag NPs to Dalton’s Lymphoma Ascites cell lines, with the maximum
cell death of 95.4 % in a concentration of 20 ug/mL [227].

Moreover, the bacterial strain E. Coli D8 (MF06257) isolated from a
sewage water stream in Egypt was used to synthesize Ag NPs with a cost-
effective method within 1-2 minutes, and obtained an optimum size and
shape for good antimicrobial activity between 6 and 17 nm [228]. The
antibacterial potential showed significant inhibition zones, P < 0.05,
against the test pathogenic microorganisms S. aureus, E. coli,
P. aeruginosa, A. alternata, Fr. Keissler, F. oxysporum, and A. flavus. The Ag
NPs also showed their synergistic effects with fluconazole to elevate the
antifungal efficacy. Alternatives to bacterial antibiotic resistance were
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also explored by Pernas-Pleite et al. [229], with the help of Ag NPs
synthesized with Pseudomonas alloputida BOO3 UAM culture broths. The
size-tuned Ag NPs ranging in size of 9-62 nm were evaluated for their
antibacterial activity against Bacillus subtilis, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Staph-
ylococcus epidermidis, presenting low MICs values for Pseudomonas.
Finally, Monowar et al. [230] utilized Enterobacter hormaechei in the
extracellular biosynthesis of spherical, well-dispersed Ag NPs with a zeta
potential of —19.73 + 3.94 mV. The antimicrobial activity against
B. Cereus, S. aureus, and C. albicans, with a biofilm formation ability,
showed a bigger zone of inhibition compared to the conventional
antibiotics.

Other bacteria used to biosynthesize Ag NPs include Bacillus zan-
thoxyli GBE11 [231], Cytobacillus firmus [232], Lactobacillus plantarum
[233] Bacillus thuringiensis [234], and Bacillus licheniformis [235].

Besides Ag NPs, other bacterial-synthesized NPs have been explored
for biological applications. Au NPs, synthesized with the marine microbe
Vibrio alginolyticus, were explored for cancer treatment [236]. The Au
NPs (100-150 nm) showed dose-dependent inhibitory effects against
colon carcinoma cells; 15 mg/mL was the ICs( value. Test concentration
was increased to 25 mg/mL; over 75 % of the cells died, which signified
apoptotic-mediated cell death. Au NPs were also synthesized using
Rhodococcus ruber IEGM 1135, where the particle size was 40-200 nm,
with a surface charge of 22 mV, while those from Rhodococcus
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erythropolis IEGM 766 were smaller, between 30-120 nm, and positively
charged at 12 mV [237]. These differences were due to the variety of
biomolecules (like proteins, polysaccharides, and organic acids) present
in each bacterium which acted as capping agents.

Furthermore, Zn NPs have also been synthesized using, for instance,
Lysinibacillus sp. [238] and Streptomyces species [239]. Furthermore,
Pseudomonas aeruginosa was used to synthesize this type of NPs
following Eq. 4. Their antibacterial and antifungal activity was tested
against various bacteria and one unicellular fungus, and the results have
demonstrated that the efficacy increases with increasing NP concen-
tration (Fig. 9). The larvicidal activity against Culex pipiens reached
56 % after 96 hours at a low concentration of 50 ppm.

G

Moreover, CdO NPs were synthesized using Lactobacillus species and
their antibacterial activity was studied against fish pathogens Serratia
marcescens, Aeromonas hydrophila, Vibrio harveyi, and Vibrio para-
haemolyticus [241]. 20 mM concentration showed the highest efficacy
against all fish pathogens studied, which can be due to the mechanisms
of action associated with CdO NPs, including damage to the cell wall of
microbes, inhibition of DNA synthesis, and damage to DNA upon
entering the cell wall or plasma membrane. In turn, Beleneva et al. [242]
isolated four strains of the marine bacteria Pseudoalteromonas shioya-
sakiensis (PL 2476, AF 2469, and G 2451) and A. macleodii 2328. The
SEM images showed the formation of Se NPs and Te NPs with sizes
between 8 and 10 nm at the surface of the bacteria. The zeta potential of
Se NPS was between —20.1 mV and —23.4 mV, while the Te NPs were
around —25 mV. The results showed Te NPs are more effective against
microbial while Se NPs are more toxic against human dermal fibroblasts
and breast cancer cells. Furthermore, Tabibi et al. [48] performed the
intracellular green synthesis of Se NPs with 1 uL of two different
indigenous halophilic bacteria (Halomonas elongate and Alinicoccus ira-
nensis) varying the NapSeOs molar concentration (2-8 mM). The
maximum Se NPs production was achieved with 8 mM for H. elongate
and 6 mM for S. iranensis. Spherical NPs with 30 and 100 nm sizes and
zeta potentials of —60.6 mV and —51.2 mV were obtained for S. iranensis
NPs and H. elongate, respectively.

Zn(CH5C00), » 2H,0 + CFF—%7n0 o H,0(white precipitate)

3.4. Yeast-mediated synthesis

3.4.1. Overview of yeast biosynthesis mechanisms and advantages
Yeast is a non-pathogenic, unicellular eukaryotic microorganism, a

Journal of Environmental Chemical Engineering 13 (2025) 116921

member of the Kingdom Fungi, and classified into two phyla: Ascomy-
cota and Basidiomycota [247]. These microorganisms reproduce either
sexually or asexually. The latter is the most common and is grouped as
budding yeasts (Zygosaccharomyces) and fission yeasts (Schizosacchar-
omyces) [248,249]. Some of the about 1500 reported species are
currently used in a wide range of applications. Its most recognized
application is in the food industry, and it is used in baking, winemaking,
and brewing [250]. Furthermore, they are also used in heterogeneous
compounds, biomass production (single-cell proteins), and the biofuels
industry [247]. Researchers have recently explored yeast-reducing en-
zymes as biofactories of metallic NPs, either by extracellular or intra-
cellular routes, including Ag, selenium, titanium, palladium (Pd),
cadmium sulfide, and gold NPs [251,252].

Yeast-mediated MNPs biosynthesis is intimately linked with a
cellular detoxification mechanism observed in yeast [253]. This mech-
anism is an adaptive response to metal ion-induced stress, aiming to
neutralize excess metal ions and prevent cellular damage. Metal-binding
ligands, including phytochelatins, metallothioneins, and glutathione,
play crucial roles in metal tolerance and, consequently, MNPs synthesis
[253,254]. For example, Schizosaccharomyces pombe can scavenge free
cadmium ions and synthesize glutathione- and metallothionein-capped
cadmium NPs [255]. The interest in this type of microorganism is
related to its rapid growth, ease of control in the laboratory using a
simple nutrient culture medium, and the synthesis of numerous enzymes
[256,257]. As a result, the mass production of metal NPs is facilitated by
yeast over bacteria. MNPs are classified as intracellular or extracellular
according to the location where they are formed in the yeast. The yeast’s
intracellular biosynthesis of metal NPs occurs by reducing metal ions
inside the yeast cell. In contrast, in extracellular biosynthesis, the metal
ions are trapped on the yeast cell wall [258].

In intracellular synthesis, the process begins with the electrostatic
interaction between positively charged metal ions and the negatively
charged components of the yeast cell wall, facilitating the passive
diffusion of metal ions into the cell. Once inside, membrane-bound ox-
idoreductases and quinones reduce the metal ions, with their enzymatic
activity influenced by environmental factors, such as pH [212,257,259].
A pH increase activates pH-sensitive enzymes like nitrate reductase,
further driving metal ion reduction through a cascade of redox reactions,
leading to MNP formation in the periplasmic space, cytoplasmic mem-
brane, or cell walls [212,257,259].

Extracellular synthesis, on the other hand, involves the secretion of
enzymes, such as nitrate reductase, into the surrounding environment or
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Fig. 9. Inhibition zone of S. aureus, B. subtilis, E. coli, P. aeruginosa, and C. albicans submitted at different concentrations of ZnO NPs.

Adapted from [240].
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their binding to the cell wall, where they catalyze the reduction of metal
ions and facilitate MNPs nucleation [212]. In both pathways, yeast
metabolites — including carbonyl groups, terpenoids, phenols, amines,
and proteins — contribute as reducing and stabilizing agents, aiding in
MNPs formation and stability. Glutathione and phytochelatins, with
their redox and nucleophilic properties, bind to metal ions, promoting
bioreduction and further supporting MNPs synthesis [253]. These
mechanisms reflect yeast’s natural stress response and metal detoxifi-
cation strategy. However, while MNPs formation helps mitigate metal
toxicity, there is currently no evidence that yeast utilizes these bio-
synthesized NPs for metabolic purposes [253,254].

After synthesis, NPs must be recovered and purified. Intracellularly
synthesized NPs require physical or chemical cell lysis for release [260,
2611, whereas extracellular NPs can be collected more easily through
methods like centrifugation or dialysis [261,262]. The choice of intra-
cellular or extracellular synthesis depends on the desired NPs charac-
teristics and ease of downstream processing. Fig. 10 exemplifies yeast
biosynthesis through intracellular and extracellular mechanisms.

3.4.2. Yeast-mediated metallic nanoparticle synthesis and applications

Yeasts have been shown to synthesize several semiconductor-type
NPs. Table 5 provides an overview of several yeasts synthesizing
MNPs and some of their major associated elements.

Among the most abundant NPs biosynthesized by yeasts, cadmium
sulfide (CdS) NPs are an interesting material for applications in elec-
tronics and photonics. Literature reports on the use of various yeast
strains for such a purpose, including Schizosaccharomyces pombe [263,
264], Saccharomyces cerevisiae [265], and Candida glabrata [264].
Further, El-Baz et al. [266] reported the syntheses of CdS NPs by esti-
mating the growth in yeast strain Trichosporon jirovecii with a culture
medium enriched in cadmium and cysteine.

Basically, the mechanism of synthesis is based on the intrinsic cad-
mium detoxification defence mechanism of yeast, which is elicited in the
presence of cadmium. Sulfite represents the reducing agent in this
mechanism, providing conditions for CdS NPs formation.

Also, Au NPs are particularly interesting to researchers because of
their catalytic, electronic, and photophysical properties. Similar to CdS
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NPs, a number of yeasts have also been reported for the synthesis of Au
NPs; For example, Saccharomyces cerevisiae [267,268], Yarrowia lip-
olytica [269], Pichia jadinii [270], and Magnusiomyces ingens [271].
Similar yeast were also presented for the synthesis of Au NPs belonging
to different morphologies, as reported for yeast Pichia jadinii [270].
Subsequently, Yarrowia lipolytica [269] was used to produce different
sizes and morphologies of Au NPs by varying the concentrations of
chloroauric acid.

Concerning Saccharomyces cerevisiae, it has been documented that it
can synthesize Au NPs using the free aldehyde group from reducing
sugars on the peptidoglycan layer as an electron donor and reduce Au®*
to Au® [267]. Lim et al [268] synthesized Ag (5-20 nm) and gold
(20-100 nm) NPs with Saccharomyces cerevisiae by varying the pH of the
medium. It has been reported that the reduction of gold is favoured in an
acidic medium whereas Ag reduction was preferred in an alkaline
medium.

Zhang et al. [271] firstly reported the use of Magnusiomyces ingens
LH-F1 for synthesizing Au NPs. In this study, several Au NPs shapes and
sizes, including sphere, plate, and irregular ones, were synthesized. The
length of the plates varied between 16 and 420 nm, and the diameter of
the spherical particles varied in the range of 10-80 nm. According to
these authors, Au®" ions could be reduced to Au° by biomolecules, un-
identified, in the cytoplasm or cell surface. Then, the Au® nanocrystals
were capped and stabilized before being released from the cells. Lian
et al. [272] used Magnusiomyces ingens in the synthesis of Se NPs (Se
NPs). The work evidenced that the Se NPs were synthesized as spherical
shaped, with diameters in the range of 70-90 nm. The results evidenced
that Se NPs had antibacterial effects against Arthrobacter sp. W1
(Gram-positive). Recently, a novel strain of Rhodotorula mucilaginosa
R-8441 was documented to synthesize spherical-shaped Se NPs, with a
diameter of 83 nm, and rod-shaped particles, with a diameter of 478 nm,
intra and extracellular [273].

Furthermore, ZnO spherical NPs were prepared by Saccharomyces
cerevisiae with diameters ranging between 13 and 20 nm and showing
good antibacterial activity against gram-positive S. aureus [274]. Be-
sides, they exhibited good photocatalytic activity, reaching 83 %
degradation of Eriochrome Black T at equilibrium. This type of NPs has
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Fig. 10. Schematic representation of yeast biosynthesis intracellular and extracellular mechanisms.
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Table 5
Representative list of recent advances in the green synthesis of several types of MNPs using yeast.
Yeast NP Size Shape Application Extracellular and/or Ref
(nm) intracellular
Schizosaccharomyces cds 1-1.5 Hexagonal - Intracellular [263]
pombe
Schizosaccharomyces Cds - - - Intracellular [264]
pombe
Saccharomyces cerevisiae ~ CdS 0.5-4.7 Spherical Fluorescence and Intracellular [265]
Electrochemical Detection
Trichosporon jirovecii Cds 6-15 Spherical - Intracellular [266]
Sachharomyces cerevisiae Au - - - Intracellular [267]
Saccharomyces cerevisiae ~ Au 20-100 Spherical - Extracellular [268]
Yarrowia lipolytica Au Varied Nanoplates and spherical - Intracellular [269]
Pichia jadinii Au <100 Spherical, triangular, and hexagonal - Intracellular [270]
Magnusiomyces ingens Au Plate-shaped: Spheres, plates (triangle, hexagon, Catalytic reduction of Intracellular [271]
16-420 pentagon), and irregularly shaped nitrophenols
Spherical-shaped:
10-80
Magnusiomyces ingens Se 70-90 Spherical Antibacterial Intracellular [271]
Rhodotorula Se 83 and 478 Spherical and rod - Intracellular and [273]
mucilaginosa extracellular
Sachharomyces cerevisiae ~ ZnO 13-20 Spherical Antimicrobial - [274]
Photocatalytic
Pichia kudriavzevii ZnO 10-61 Hexagonal Antimicrobial Extracellular [275]
Antioxidant
Saccharomyces cerevisiae ~ Ag 10 Spherical Photocatalysis - [276]
Saccharomyces cerevisiae ~ Ag 16.07 Spherical Antibacterial - [277]
Saccharomyces cerevisiae ~ Ag 2-20 Spherical - Intracellular [277]
Saccharomyces cerevisiae ~ Ag 15 Spherical Antimicrobial Extracellular [278]
MKY3 Ag 3.6 Hexagonal - Extracellular [279]
Candida lusitaniae Ag/ 2-10 Spherical Antibacterial Intracellular and [280]
AgCl extracellular
HX-YS Ag 50-100 Spherical Antibacterial - [281]
LPP—-12Y Ag 50-100 Spherical Antibacterial - [281]
Yarrowia lipolytica Ag 15 Spherical Antimicrobial Intracellular [282]
Yarrowia lipolytica Ag 50 Spherical Biodiesel Synthesis Intracellular [283]
Rhodotorula Cu,0 51.6-111.4 Spherical Anticancer - [284]
mucilaginosa
Saccharomyces cerevisiae ~ Pd 32 Hexagonal photocatalytic - [285]
Saccharomyces cerevisiae ~ Se 6 and 153 Spherical Antifungal Intracellular [286]
Saccharomyces cerevisiae Se 75-709 Spherical - Intracellular [287]
Saccharomyces cerevisiae ~ Ag 60 Spherical Antimicrobial - [288]
Pichia kudriavzevii Ag 12 Cubic Biomedical - [289]
Saccharomyces uvarum Ag 20 Cubic Biomedical - [289]
Pichia fermentans JA2 ZnO - Rectangular Antimicrobial Extracellular [290]

also been prepared with a new yeast strain called Pichia kudriavzevii
[275]. In the synthesis process, a reaction of thermal decomposition was
initiated by complexing Zn ions with hydroxyl groups of amino acids.
Amino acids were the stabilizers, keeping the NPs stable.

Additionally, the synthesis of Ag NPs is widely described in the
literature using yeast, which includes Saccharomyces cerevisiae
[276-278], Ag-tolerant yeast strain MKY3 [279], and Candida lusitaniae
[280]. Moreover, Liu et al. [277,281] reported the ability of two novel
yeast strains (HX-YS and LPP-12Y) to synthesize Ag NPs. According to
the yeast strain, the results revealed different optimum pHs for Ag NPs
synthesis. The authors concluded that the synthesis of Ag NPs was not
only related to the concentration of OH and H" (which affects the
reduction of Ag™) but also to the reducing substances present in the
fermentation broth. Also, Yarrowia lipolytica (NCYC 789) facilitates the
synthesis of well-defined 15 nm-sized Ag NPs by leveraging the quinonic
residues found in its cell-associated melanin [282]. These residues can
reduce Ag ions, transitioning between their hydroxyl and quinonic
forms. More recently, Katharine et al. [283] reported to synthesize Ag
NPs (50 nm) Yarrowia lipolytica (MTCC 9520) using goat tallow as the
carbon source.

For the first time, Hassabo et al. [284] studied the synthesis of Cuz0O
NPs using marine yeast, isolating twenty yeast isolates from the Red Sea
and Giftun island samples. The yeast phenolic compounds (phenols and
polyphenols) acted as electron donors, reducing Cu™? to Cu™, forming
Cuz0. Then, the NPs were further stabilized by the biomolecules present
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in the marine yeast. Pd NPs were also green synthesized using Saccha-
romyces cerevisiae and have demonstrated photocatalytic activity to-
wards a dye [285].

3.5. Fungi-mediated synthesis

3.5.1. Overview of fungi biosynthesis mechanisms and advantages

The fungal kingdom forms a separate lineage within the eukaryotic
domain. Unlike plants, their nutritional mode is heterotrophic; fungi
must decompose organic matter to fulfil their nutritional needs. Such
decomposition is done through the hyphae, complex networks of fila-
ments that dig into soils and dead organisms. The hyphae drive nutrient
cycling and forge important symbiotic relationships with plants through
mycorrhizae, whereby the symbionts facilitate root systems and effi-
ciency in nutrient uptake. Apart from decomposers, fungal diversity
extends into the flagrant fruiting bodies, such as mushrooms. Another
important division within the tree of life of fungi comes with the uni-
cellular yeasts, which are so important in bread baking and fermentation
processes [291].

When subjected to stressors such as toxic molecules, temperature, or
nutrient deprivation, fungi induce the synthesis of a wide range of bio-
logical molecules and enzymes. Such inducible phenomena comprise a
strong defence response of fungi to inactivate, or simply tolerate, such
extracellular stresses. One such phenomenon is the interaction of fungi
with metal ions. Conventionally, these metals are quite detrimental to
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fungal survival. However, certain fungal species can convert toxic
metals into non-toxic metallic NPs via extracellular enzymes and me-
tabolites [292-295]. This is driven by enzymatic reduction mechanisms
that facilitate metal ion transformation and stabilization, mainly
through key enzymes such as laccase, reductase and peroxidase. Lac-
case, a multicopper oxidase, enhances electron transfer, promoting the
reduction of metal ions such as Ag® and Au®*. Similarly, fungal re-
ductases catalyse electron transfer reactions, influencing NP nucleation,
while peroxidases contribute to oxidative transformations that stabilize
metal ions during synthesis [296,297]. It has been demonstrated that in
fungi, NPs can be synthesised intracellularly, extracellularly or on the
cell surface. Extracellular synthesis of NPs has many advantages
compared to intracellular NPs synthesis. For instance, it is more rapid
and easily scalable. This is because, during extracellular synthesis, fungi
can produce enormous amounts of enzymes and other relevant com-
pounds secreted into the environment, such as extracellular poly-
saccharides, proteins and siderophores, which function as natural
capping agents, enhancing NP stability and preventing aggregation
[298]. In intracellular synthesis, these biomolecules accumulate in the
fungal cells which could limit production [299-301]. The exact mech-
anism of extracellular synthesis of Ag NPs in fungi depends on the spe-
cies. In Fusarium oxysporum, the reduction of nicotinamide adenine
dinucleotide phosphate (NADPH) to oxidized form (NADP*) by enzymes
such as nitrate-dependent reductase and the involvement of shuttle
quinones are thought to be involved in this process [302,303].

Similarly, the synthesis of Ag NP by Aspergillus terreus was catalyzed
using the NADH-dependent reductase enzymes to conduct the reduction
reaction [304]. On the other hand, Chan and Mashitah [305] have
suggested that the diketone compounds might be the responsible agents
for reducing Ag ions by the action of many types of macrofungi, which
might constitute yet another different mode. Notably, Sastry et al. [306]
identified intracellular synthesis of Ag NP in Verticillium sp., and now it
has turned out to be another different pathway, which differs among the
fungal species.

The variety of meta-abilities, the ease of cultivation, and the eco-
friendliness of fungi make them very promising candidates for the
green synthesis of NPs [307]. Even though the clear synthesis mecha-
nisms are not yet known, it is theorized that biomolecules—mainly
fungal enzymes, proteins, and metabolites—are agents responsible for
interaction with the metal precursors. For instance, reductase and lac-
case can act as reducing agents to transform metal ions into elemental
nanoparticulate form. Moreover, biomass can provide capping and
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stabilizing agents, preventing agglomeration of NPs and influencing
their size and shape [291]. Furthermore, different species of fungi have
different metabolic profiles and enzymatic activities, which result in NPs
with different features.

Fungal-mediated green synthesis typically involves five key steps: (i)
Fungal selection and preparation (based on the fungi enzymatic profile
and desired NPs features); (ii) Metal precursor selection; (iii) Biosyn-
thesis (reduction, capping and stabilization); (iv) Purification and
characterization; and (v) Optimization (Fig. 11).

3.5.2. Fungi-mediated metallic nanoparticle synthesis and applications

Researchers actively explore various fungi to optimise NP production
and tailor their properties. These NPs are attractive for different fields
because of their antimicrobial, antioxidant, and catalytic properties.
Table 6 provides an overview of several fungi synthesizing MNPs and
some of their major associated elements.

The agricultural sector is escalating its demands for better sustain-
able methods for pest decrease and yield fight pests, fungi and bacteria
that affect plants. In turn, mycogenic NPs have been synthesised for pest
control. At the same time, these NPs can also help monitor or detect
plant diseases, thereby serving as an alternative tool to reduce the
dosage of chemical pesticides. Using NPs for pest control decreases the
environmental impact and provides an ecologically friendly alternative
to conventional chemical pesticides with adverse ecological effects
[308,309]

Elgorban et al. [310] synthesised spherical shape Ag NPs with a size
ranging between 5 and 30 nm using the fungus Aspergillus versicolor for
disease control in strawberries. The NPs were then evaluated for their
antifungal activity against Sclerotinia sclerotiorum and Botrytis cinerea,
two major fungal pathogens affecting strawberry plants, revealing an
inhibition of 80.38 % and 74.39 % of the higher tested NPs dose,
respectively. Further, current studies indicate that using fungal NPs
impacts plant nutrient uptake, positively affecting crop yield [311,312].
Moreover, these NPs can also be designed to deliver nutrients and pes-
ticides to plants and crops. Thus, less waste is produced, and the adverse
effects of modern farming on the environment may be effectively
reduced [313]. Biosynthesis of ZnO NPs was carried out using Aspergillus
niger biomass, and the larvicidal efficacy was calculated with white
grubs (Holotrichia sp.), which is a serious pest in the sugarcane crop
[314]. Biosynthesis had been initiated by the grinding of fungal biomass
followed by the mixing of the same with an aqueous solution of Zn ni-
trate hexahydrate. Characterization studies exhibited sizes between 76.2

Metal Precursor Selection Biosynthesis

= TEM

Purification and Characterization

Fig. 11. Main steps in fungi-mediated green synthesis of MNPs.

17



B. Cardoso et al.

Journal of Environmental Chemical Engineering 13 (2025) 116921

Table 6
Representative list of recent advances in the green synthesis of several types of MNPs using fungi.
Fungi NP Size Shape Application Extracellular and/or Ref.
(nm) intracellular
Aspergillus niger ZnO 76-183 Spherical Biopesticide Extracellular [314]
Pseudomonas fluorescens, Trichoderma atroviride, and Si02 20-100 Irregular spherical Plant disease Extracellular [315]
Streptomyces griseus management
Trichoderma harzianum Ag 5-18 Spherical Antifungal Extracellular [318]
CuO 38-77 width Elongated fibres
135-320 nm
length
ZnO 27-40 width Fan and bouquet No action
134-200 nm in
length
Bacillus megaterium Se ~45 Spherical Antifungal Extracellular [319]
Beauveria bassiana, Metarhizium anisopliae, and Isaria Ag varied Spherical Insecticidal Extracellular [320]
fumosorosea
Trichoderma harzianum ZnO 8-23 Hexagonal, spherical Fungal antagonist Extracellular [321]
and rod
Trichoderma harzianum Ag 6-5 Spherical Antifungal Extracellular [322]
Agaricus bisporus Ag 67-102 Quasi-spherical Antimicrobial - [323]
Fusarium oxysporum Ag 5-13 Spherical Antimicrobial Extracellular [324]
Anticancer
Guignardia mangiferae (Bios PTK 4) Ag 5-30 Spherical Antibacterial Extracellular [325]
Antifungal
Anticancer
Aureobasidium pullulans (ATCC 201253) Ag 15.1 Spherical Antibacterial Extracellular [326]
Medical
Food packaging
Trichoderma viride ZnO 63.3 Hexagonal Antimicrobial - [330]
Antibacterial
Xylaria arbuscula ZnO - Hexagonal Antimicrobial Extracellular [335]
Antioxidant
Antinflammatory
Antidiabetic
Wound healing
Penicillium oxalicum Fe 140 Spherical Decolourisation - [337]
Fusarium solani Au 40-45 Flower Anticancer Extracellular [338]
Trichoderma reesei Ag 2-25 Spherical Antibacterial Extracellular [339]
Laetiporus versisporus Au 10 Spherical Antioxidant Extracellular [340]
Rhizopus oryzae MgO  ~20 Spherical Antimicrobial Extracellular [341]
Mosquitocidal
Tanning
Effluent Treatment
Aspergillus terreus Se <100 Spherical Antimicrobial Extracellular [342]
Decolourisation

and 183.8 nm. The larvicidal activity of the synthesized ZnO NPs was
tested with first-instar larvae of white grubs; larvae started to die within
12 h, and the calculated median lethal dose (LDsp) was 12.63 ppm.

Furthermore, SiO, NPs biosynthesised using indigenous biocontrol
agents like Pseudomonas fluorescens, Trichoderma atroviride, and Strep-
tomyces griseus were also used for plant disease management [315]. The
size ranged from 20 to 100 nm with an irregular spherical morphology.
The efficacy of NPs was tested on tea pathogens, specifically Poria
hypolateritia (associated with red root-rot) and Phomopsis theae (associ-
ated with Phomopsis canker diseases). The highest growth inhibition for
P. theae was observed with silica NPs synthesised from P. fluorescens at
40 ppm concentration, achieving a rate of 62.16 % on the 15th day of
incubation. For P. hypolateritia, the silica NPs synthesised from
T. atroviride showed a notable inhibition rate of 74.76 % at a 3-ppm
concentration on the third day of incubation.

Fungus-mediated NPs have been demonstrating significant antimi-
crobial properties due to their ability to attach the cell walls of micro-
organisms, penetrate the cell interior, and cause damage to cellular
structures, thus proving effective against pathogens [316]. Fatima et al.
[317] investigated the biological properties of Ag NPs bath-sonicated
from the filtrate of Aspergillus flavus. These biogenic NPs exhibited a
considerable potential bactericidal effect toward many species,
comprising Bacillus cereus, Bacillus subtilis, Enterobacter aerogenes, E. coli,
and S. aureus, with B. subtilis and E. coli being the most susceptible. More
importantly, when applied in combination with the tetracycline
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antibiotics, it complemented the Ag NPs such that it gave a higher in-
hibition efficacy on the growth of bacteria than when applied alone.
Additionally, the NPs also show a dose-dependent antifungal activity
against Aspergillus niger and Trichoderma harzianum.

Also, Consolo et al. [318] used a cell-free culture filtrate of Tricho-
derma harzianum for the biosynthesis of Ag, CuO, and ZnO NPs from this
fungus, with CuO and ZnO biosynthesis described in the literature for
the first time. Ag NPs were chosen because they exhibit antimicrobial
activity against bacteria, fungi and viruses; Crop diseases caused by
fungi and bacteria have been reduced by CuO NPs due to multisite mode
of action, offering less chance for pathogen resistance; and antibacterial
activity of ZnO was attributed to photo-oxidising, photocatalytic effects
and was considered biosafe. The NPs showed different morphology as
well as size although the synthesis parameters were identical. The Ag
NPs were spherical with sizes of 76.2-183.8 nm; CuO NPs appeared to
be elongated fibres with 38-77 nm in width and 135-320 nm in length;
Finally, the ZnO NPs appeared to have fan and bouquet shapes with sizes
ranging between 27-40 nm in width and 134-200 nm in length. Both Ag
and CuO NPs exhibit similar dose-dependent inhibition of mycelial
growth against the phytopathogens Alternaria alternata, Pyricularia ory-
zae and Sclerotinia sclerotiorum. In contrast, for the ZnO NPs, no anti-
fungal behaviour against these studied phytopathogens was detected.

Other recent works on describing fungi biosynthesis MNPs for agri-
culture applications include Bacillus megaterium [319], Beauveria bassi-
ana, Metarhizium anisopliae, and Isaria fumosorosea [320], Trichoderma
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harzianum [321,322], Agaricus bisporus [323].

Husseiny et al. [324] explored the potential of Ag NPs synthesised by
Fusarium oxysporum for anticancer applications. It was noted that these
NPs effectively inhibited the growth of E. coli and S. aureus bacteria,
which have a cytotoxic impact on tumour cells. When exposed to the
NPs, the MCF-7 cells, human breast adenocarcinoma cell lines, attained
a low ICs value of 121.23 pg/cm®. The low value obtained shows high
cytotoxicity and, therefore, can be highly used to control tumours. The
authors believe that the NPs disrupt mitochondrial respiration in the
tumour cells, generating toxic reactive oxygen species that interfere
with the synthesis of Adenosine triphosphate, the molecule responsible
for energy production. This ultimately damages the tumour cell’s
nucleic acids, potentially leading to its death.

Likewise, in their investigation of the anti-tumour potential of
fungal-derived Ag NPs, Balakumaran et al. [325] evaluated their cyto-
toxic effects on HeLa (human cervical carcinoma) and MCF-7 tumour
cells, along with normal Vero cells derived from African monkey kidney.
The study revealed a higher degree of cytotoxicity towards the tumour
cell lines when compared to the normal Vero cells. Microscopic exami-
nation further indicated that the tumour cells underwent apoptosis, a
programmed cell death characterised by condensed nuclei, membrane
damage, and apoptotic bodies [325]. These findings suggest the poten-
tial of these green-synthesised NPs for targeted cancer therapy.

Moreover, scientists are investigating the numerous opportunities
associated with using fungi to develop new innovative materials that can
find application in, for instance, food preservation and medicine. Wypij
et al. [326] studied a new film material derived from natural sugar,
pullulan, synthesised by the fungus Aureobasidium pullulans. Spherical
Ag NPs with sizes in the range of 4-46 nm were incorporated into the
pullulan using a green synthesis approach mediated by another fungus,
Fusarium culmorum (JTW1 strain) (Fig. 12) [326]. The resulting films
were evaluated for various properties, including water resistance,
light-blocking ability, and antibacterial activity against foodborne
pathogens and other bacteria. Including Ag NPs in prepared films
slightly decreased water absorption and transmission of light, and at the
same time, it kept smoothness. Strong antibacterial properties were
determined in samples containing Ag NPs and in the films with incor-
porated NPs: the highest activity was registered against Listeria mono-
cytogenes, a bacterium often responsible for food spoilage. Thus, it can be
concluded that films made from pullulan extracted from fungi and
biogenetic Ag NPs could be useful for developing more effective pro-
tective food packaging and medical products because of their natural
antibacterial effect.

The highly variable morphology of fungal NPs received tremendous
attention from researchers based on various factors, such as biocom-
patibility, non-toxicity, high functionality, and eco-friendly nature,
which have multifaceted industrial applications. Their high surface area
and tunable surface chemistry in catalysis make them valuable catalysts
for these chemical reactions.
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Au NPs, synthesised using the fungus Aspergillus terreus, have been
proven to detect high-sensitivity mercury ions, making them useful for
environmental monitoring and water quality assessment [327]. In cos-
metics, fungal NPs act as an efficient vector of biomimetic topical de-
livery of active principles in achieving better penetration into skin
layers, bioavailability, and controlled release; hence, they are conducive
to skincare and anti-ageing [328]. For instance, chitosan NPs, syn-
thesised using the fungus Mucor rouxii, have been revealed to deliver
hyaluronic acid, a common ingredient in skincare, to deeper skin layers,
hence improving its moisturising and anti-ageing effects [329]. In
addition, they are used to introduce features such as biocidal properties,
sun protection features, and stain-release mechanisms, and they are
found in textiles to facilitate better dyeing and, thus, better and
longer-lasting colour. ZnO NPs synthesised using the fungus Trichoderma
viride have been shown to effectively impart antimicrobial activity to
cotton fabrics, rendering them resistant to bacterial growth and odour
[330]. In the environmental field, due to their compatibility with biotic
and abiotic systems and notorious pollutant-degradation ability, fungal
NPs can improve environmental conditions and sustain their existence
[331].

Moreover, fungal NPs have been targeted for several applications in
mould environments, including water and soil treatment, air treatment,
renewable energy, and industrial use. Titanium dioxide (TiOy) NPs
prepared using the fungus Aspergillus flavus can degrade soil organic
pollutants [332,333]. Further insights into the synthesis, properties, and
diverse applications of bio-fabricated TiO2 NPs can be found in the
comprehensive review by Saisruthi et al. [334]. Another application
involves air cleaning by capturing-degradation of airborne pollutants.
The fungus Trichoderma viride synthesised by ZnO NPs that could remove
volatile organic compounds from indoor air while CuO NPs synthesised
using the fungus Penicillium citrinum were capable of removing microbial
contaminants [318,330].

Moreover, ZnO NPs synthesised using the endophytic fungus Xylaria
arbusculae for photocatalytic degradation of photodegradable plastic
were also identified as suitable renewable energy materials [335]. The
emerging interdisciplinary branch of science is fungal nanobionics,
derived from the relationship between mycology and nanotechnology.
This will consequently open the door for further expansion in the in-
dustrial production of NPs on a large scale for use in fields such as energy
[336].

Other recent works describing fungi biosynthesis MNPs include
Penicillium oxalicum [337], Fusarium solani [338], Trichoderma reesei
[339], Laetiporus versisporus [340] and Rhizopus oryzae [341].

4. Physicochemical reaction properties influence on metallic
nanoparticles’ synthesis and stability

The physicochemical properties of the synthesis environment
significantly affect the production of NPs since they are determinants for

Fig. 12. Ag NPs from the Fusarium culmorum strain JTW1 observation by TEM micrographs.

Adapted from [326].
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nucleation, growth, morphology, and aggregation. As a result, the size,
shape, stability, and functionality of NPs are highly dependent on the
conditions used during their synthesis. Therefore, the interplaying fac-
tors must be understood to optimize NPs involved in different applica-
tions, from biomedicine to electronics. The present section reviews the
synthesis and stability of the NPs considering the following critical
physicochemical parameters: extraction and reaction solvent, extract
concentration, molarity of metallic salt, temperature, pH, and reaction
time.

4.1. Extraction and reaction solvent

The solvent used to extract organic reducing agents and used in the
synthesis reaction highly influences the NPs’ physicochemical proper-
ties, purity, yield, and biological and chemical properties.

Solvents with a higher alcohol content have been shown to facilitate
the extraction of organic reducing agents (including phenolic com-
pounds) from Eucalyptus globulus, thus influencing the nucleation and
growth processes [343]. Compared to those synthesized using pure
ethanol, 96 % alcohol as a solvent produced FeO NPs with better mag-
netic properties, monodispersed, smaller in size, and improved colloidal
stability [343]. The latter NPs also demonstrated higher removal effi-
cacy for heavy metals (such as chromium and cadmium). However, the
type of NPs to be synthesized also determines the solvent’s effect. For
instance, ethanolic extracts from hawthorn berries were more efficient
in synthesizing Ag NPs, whereas water-based extract was superior in
synthesizing Cu NPs [344]. The variation can be attributed to ethanol’s
stabilizing qualities being diminished with increasing temperature.
Since Cu NPs are highly dependent on robust stabilizing agents, aqueous
extracts facilitate their formation, as water can dissolve higher flavo-
noids and carbohydrate concentrations. Moreover, the synthesis process
is improved, and the particle size is significantly decreased in an alkaline
environment, effectively maintained in water-based solutions [344].

Other works directly compared the effect of the solvent on the syn-
thesis of NPs. Water, methanol, and acetone were used to extract plant
compounds from Costus igneus leaves, which has been shown to affect
the ZnO NPs produced [345]. Hot water has been found to produce ZnO
NPs with the highest purity (99.89 %) and the smallest particle size
(94 nm), when compared to the other solvents. Furthermore, the
water-extracted ZnO NPs revealed more significant growth inhibition
against gram-positive and gram-negative bacteria and better antioxidant
properties. In turn, Rufai et al. [346] demonstrated the effects of a sol-
vent’s polarity on phytochemical extraction from plants and their ability
to alter NPs properties. The authors gained the phytochemicals from
Deinbollia pinnata leaves by three different polarity solvents: n-hexane,
ethyl acetate, and ethanol for the synthesis of NPs. The filtered ethyl
acetate leaves behind TiO NPs, which are rather crystalline, uniform in
shape, although semi-spherical when in nature, and these TiO, NPs
portray the highest photocatalytic activity because more of the hydroxyl
compound extracts are present to serve as stabilizing agents. Also, this
solvent enhanced the photocatalytic performance in deleting methyl
orange dye under UV light irradiation, achieving 98.7 % conversion of
methyl orange within 150 minutes.

Although the works reported so far describe using single solvents,
mixed solvents with different polarities have been reported. Tesfaye et
al. [347] demonstrated that using a binary solvent of methanol and
distilled water favoured the synthesis of Ag NPs compared to methanol,
ethanol, distilled water, or ethanol/distilled water alone. Furthermore,
Chowdhury et al. [348] explored the presence of ethanol as a co-solvent
with water in the Pd NPs synthesized using polyvinyl alcohol (PVA) as a
stabilizer. The water/ethanol ratio influenced the reduction kinetics of
Pd?* ions to Pd® and primarily affected the PVA encapsulation around
the NPs. Adding ethanol to the aqueous medium led to a gradual
decrease in the encapsulation of synthesized Pd NPs, negatively
impacting their electrocatalytic activity.
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4.2. Extract concentration

The functional moieties extracted from the selected biological entity
play a fundamental role in the synthesis of NPs. These reduce metal ions
to zero-valent oxidation states from mono- or divalent oxidation states to
zero-valent oxidation states. Generally, a higher extract concentration
contains a larger supply of reducing agents, which are directly involved
in reducing metal ions and, as a result, forming a larger number of
nucleation sites [349]. Therefore, the extract’s concentration plays a
determining role in the biosynthesis of NPs and their features and
functional properties. Fe;O3 NPs were synthesized with Cola nitida leaf
extract, and the Taguchi method was used for the optimization of
different parameters of their synthesis in a systematic manner— namely
the optimal volume of the extract [350]. The extract concentration was
ranked as the second most influential parameter in the synthesis of these
NPs, according to the statistical analysis. The optimal volume of Cola
nitida extract was determined to be 10 mL and Fe;0O3 NPs with a surface
area of 125.31 m?/g [350].

Ag NPs were synthesized using Ilex paraguariensis extract and the
enlargement of the extract concentration from 2.5 % v/v to 7.5 % v/v
increased the average Ag NPs diameter from 70 nm to 144 nm, respec-
tively [351]. However, their PDI was not significantly affected. The in-
crease in size, according to the authors, is due to an increased
availability of the reducing biomolecules that favour Ag ions’ reduction
and an enhancement of the Ostwald ripening process. Moreover, the
lower extract concentration led to a high NPs colloidal stability over the
10-month-long storage period, indicating that there is a need for an
optimal balance between the concentration of the extract and the effi-
ciency of the phytochemicals capping [351]. Additionally, increasing
the concentration of Ephedra extract from 1 to 4 mL led to smaller and
uniformly distributed Au NPs [352]. These effects result from higher
phytochemical concentrations that induce an increase in nucleation
rate. Conversely, lower extract concentrations lead to slower nucleation
rates and the growth of larger NPs due to prolonged growth phases. The
same behaviour was found by Sharma et al. [349] during the synthesis of
Ag NPs through an aqueous lichen extract, varying the Ag nitrate and
lichen extract volume ratios from 1:1-1:9. The 1:1 extract-to-AgNOs
volume ratio yields a well-defined and intense band corresponding to a
narrower particle size distribution. The synthesis of smaller NPs results
from the limited availability of metal ions per nucleation site. The rate
constant of bioreduction of Ag* to Ag® was determined to be 5.3x1073
min 1. Al-Radadi [353] found that increasing the volume of licorice root
extract (1 mL, 2 mL, 3 mL, 4 mL, and 6 mL) increased the synthesis of
Au NPs—the optimized condition of 4 mL produced NPs with an average
diameter of 43.17 nm.

Using Moringa oleifera leaf extract, an optimal volume of 20 mL was
quantified to synthesize Ag NPs with a narrow, sharp, and symmetrical
absorption peak [354]. Increasing the extract volume to 25mL
demonstrated that excess bioactive compounds favoured existing NPs’
growth over new ones’ nucleation. This trend was also observed in
synthesizing ZnO NPs with pomegranate peel extract [355]. Using
extract volumes of 20 mL, 30 mL, and 40 mL, average diameters of
18.53 nm, 29.88 nm, and 30.34 nm, respectively, were observed
(Fig. 13). However, the optical bandgap decreases with increasing
extract, decreasing from 2.87 eV to 1.92 eV when doubling the extract
volume from 20 to 40 mL. ZnO NPs obtained with a greater extract
volume revealed greater antibacterial efficacy [355].

However, Ag NPs were also synthesized with less than 1 mL extract
volumes using Andrographis paniculata extract [356]. When studying
0.6, 0.7, 0.8, 0.9-, and 1-mL extract volumes, an increase from 0.6 to
0.8 mL gradually increased the concentration of Ag NPs. However,
further increase to 0.9 and 1 mL reduced the intensity and a redshift of
the absorption bands. Larger extract volumes resulted in increased
self-agglomeration NPs that formed clusters due to excessive AgNOs
precipitation [356].

The amount of biomass also plays a vital role in affecting the
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Fig. 13. SEM images of ZnO NPs green-synthesized with 20, 30, and 40 mL of Moringa oleifera leaf extract.

Adapted from [355].

properties and quantity of microbial-mediated synthesis of NPs. For
example, Seshadri et al. [357] successfully synthesized spherical PbS
NPs using the active biomass of Rhodosporidium diobovatum. These PbS
NPs were in the size range from 2-5 nm, thus establishing the possibility
of size control during fungal-mediated MNPs synthesis.

4.3. Molarity of metallic salt

Increasing the molarity of the metallic salts leads to an increase in
atoms to be reduced in a directly proportional manner, generally
enhancing the synthesis of NPs. Increasing the concentration of metallic
salts has a significant effect on the nucleation process. Lower molarity
could potentially limit the number of nucleation centres, which will
result in large NPs due to slower nucleation rates. Higher molarity will
enable a higher rate of nucleation, hence resulting in more NPs with
smaller sizes. There is, however, the need to find the optimum molarity
since beyond this point, it is not efficient in the enhancement of the
synthesis and may affect the preferred characteristics of the NPs. The
effects brought about by molarity must be considered concerning other
factors affecting the reaction. As demonstrated by Kumari and Padma
[358], the optimum synthesis of Ag NPs is seen with 10 mM of the
precursor metal AgNOs3. However, the authors reemphasize the inter-
dependence of different reaction parameters, such as temperature, time,
and extract concentration, which really direct the efficacy of the MNPs
synthesis. The same optimum concentration was determined during the
synthesizing of Ag-NPs using extracts of Salvia verticillata and Filipendula
ulmaria extracts [359].

Besides its effect on synthesis efficiency, the molarity affects the
MNPs size, phase, and crystallinity. Studies on the synthesis of TiO5 NPs
using Tinospora cordifolia revealed that an increase in molarity from
0.1 M to 0.5 M corresponded to an increase in the size of crystallites,
indicating a rise in crystallinity with the increase in molarity [360]. At
the same time, however, one has to note that this is not a linear rela-
tionship but is interlinked with the synthesis conditions. Molarity alone
cannot be said to be the single deciding factor for the NPs phase and size
variations. For example, in the presence of highly acidic pH and higher
calcination temperatures, high molarity results in the formation of
smaller-sized NPs, as stated by the authors [360]. In the case of ZnO NPs
synthesized using the plant leaf extract Artemisia haussknechtii, high
crystallinity was observed in NPs synthesized at a Zn nitrate hexahy-
drate concentration of 0.1 M [361]. The authors also identified the fact
that smaller NPs were formed at higher molarities compared to those
formed at lower molarities.

The optimisations of Ag NPs synthesis with Cannabis sativa aqueous
leaf extract were found to have the ideal 3 mM AgNO; for striking a
balance between the availability of Ag ions for reduction and the phy-
tochemicals acting as reducing agents [362]. Further increasing up to
4 mM led to a broadened surface plasmon resonance (SPR) peak,
reduced in intensity, and redshifted, portraying the formation of larger
or agglomerated NPs. It has been shown that in the synthesis of Ag NPs
from Prosopis juliflora leaf extract, 1 mM AgNOs3 provided optimum
conditions for the synthesis of NPs [363]. Further, this fact bares
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relevance not only to the kinetics of the synthesis but also to the stability
of NPs with time, rendering the importance of the molarity, regarding
the long-term stability of NPs [363]. Optimal concentrations of AgNO3
with Laggera tomentosa were 2 mM, which resulted in the highest peak
intensity of absorbance [364]. The increase of metallic salt concen-
tration—8 mM and 9 mM—had been characterized by the absence of
UV-Vis peaks, which showed total aggregation of Ag NPs due to excess
salt concentration.

Metal concentration can also impact the size and features of fungi-
mediated synthesized NPs. The effect of cadmium chloride (CdCly)
concentration on the production of cadmium sulphide NPs using the
bacterium Lactobacillus sp. and the yeast Saccharomyces cerevisiae [365]
was studied. A high concentration of CdCl, solution, 0.25 M at 60 °C
with reaction times of 10-20 min was used. The synthesized CdS NPs
showed a smaller size in yeast, 3.57 + 0.1 nm, compared to Lactobacillus
sp., which was 4.93 + 0.23 nm. This may be owing to more effective
detoxification mechanisms within the cells of yeast at the cellular level
compared to the simpler bacterial cells of Lactobacillus sp. Extracellular
enzymes produced by microorganisms are well documented and play a
vital role as reducing agents in the synthesis of NPs. There is an
increasing body of evidence that suggests that cofactors, like NADH and
reduced form of NADPH dependent enzymes, act as reducing agents and
transfer the electrons from NADH by NADH-reliant enzymes, which act
as electron carriers [366,367]. Extracellular Au NPs synthesis by
R. capsulata was done by reduction of gold by NADH-reliant reductase
enzymes [262]. Similar enzyme machinery was used in Steno-
trophomonas maltophilia [368].

4.4. Temperature

Another determinant factor in green synthesis is temperature; it af-
fects the size distribution, morphology, phase stability, and reaction
kinetics of the NPs. Normally, with higher temperatures, reactions in-
crease in rate and provide energy available for nucleation and growth,
hence in the morphology and size of the NPs.

Jain and Mehata [369], when synthesizing Ag NPs from the leaf
extracts of Ocimum Sanctum, correlated the increased temperature with a
decrease in the particle size. This is explained in the context that the
kinetic energy of the molecules increased, which in turn increases the
rate of consumption of Ag ions and leaves little opportunity for the
particle to grow, resulting in smaller-sized particles of nearly uniform
size distribution. Recently, similar results were obtained for Ag NPs
synthesized using  Arecanut Seed extract [370]. The
temperature-dependent behaviour was attributed to the accelerated
reduction of Ag ions and homogeneous nucleation at higher tempera-
tures. Similar results were obtained using Houttuynia cordata (Thunb)
rhizome extracts [371]. Moreover, the synthesis of Ag NPs using Ginkgo
biloba leaves revealed that temperatures above 60°C resulted in a blue
shift characteristic of not homogeneously dispersed NPs despite a trend
toward reduced particle size [372]. Moreover, the temperature of 60°C
has been identified as optimal for the synthesis of Ag NPs, balancing the
nucleation rate and the MNPs desirable physical characteristics [372].
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The behaviour is also dependent on the type of synthesized NPs. For
example, the synthesis of ZnO NPs using cherry extract revealed that
increasing reaction temperature resulted in larger NPs, ranging from
87.5to 116 nm [373]. At 25°C, small NPs with more controlled growth
and crystallization processes were formed due to a slow reduction of
metal ions. With increased temperatures (60 °C and 90 °C), a swift re-
action kinetics led to larger NPs due to a higher reduction rate of metal
ions (Fig. 14). Furthermore, the authors associate high temperatures
with increased instability of the extract’s reducing agent, namely
ascorbic acid, which leads to a less effective reduction process and un-
controlled aggregation [373].

Similar to what was found for the influence of pH, reaction tem-
perature also strongly influences the biosynthesis of Au NPs from
Ephedra [352]. The minimum temperature to form Au NPs by changing
the reaction temperature from 15 °C to 35 °C was 20 °C. The tempera-
tures higher than 25 °C, that is, at 30 °C and 35 °C, were too high and
destabilized the NPs or degraded the phytochemicals responsible for
reduction and capping.

Synthesis of MgO NPs using Dalbergia sissoo leaf extract has also been
revealed to be very sensitive to reaction temperature as it affects the
thermal stability of the phytochemicals involved during the synthesis
[374]. Due to this aggregation phenomenon, temperatures of 30, 40, and
50 °C were the only lower temperatures that favoured NP synthesis,
while higher temperatures such as 60 and 70 °C inhibited the synthesis
process. Moreover, the Eg values of 4.13 eV, 4.97 eV and 5.24 eV were
obtained for 30, 40, and 50 °C, respectively, indicating that lower syn-
thesis temperatures yielded NPswith lower E; values. The optimum
temperature for a better synthesis yield and the most appropriate Eg was
found to be 30 °C [374].

Concerning fungi-mediated synthesis, Phanjom and Ahmed [375]
tested the effect of temperature variation on the synthesis of Ag NPs
using Aspergillus oryzae MTCC 1846. Their study used a range of tem-
peratures from 10, 30, 50, 70, and 90 °C and found a significant effect on
the particle size and reaction rate. Increasing the temperature from 10
°C to 90 °C led to forming smaller Ag NPs (4-9 nm diameter) within a
shorter time frame (20 minutes). Conversely, the decrease in tempera-
ture led to an increase in NP size up to 24 nm and a reaction time of up to
6 hours. Such observations suggest that the temperature may play a role
in regulating the reduction kinetics and nucleation processes during the
Ag NP synthesis by A. oryzae MTCC 1846. Shahzad et al. [376] noted that
with Aspergillus fumigatus BTCB10, at a relatively low temperature of 25
°C, the fungus produced Ag NPs of about 322.8 nm. However, as the
temperature increased to 55 °C, it was shown that the size of the Ag NPs
increased up to about 1073.45 nm.

4.5. pH

The pH value of the reaction is one of the most fundamental pa-
rameters in the biosynthesis of NPs, and it has a large effect on the size,
shape, and rates of synthesis, as well as their respective properties. The
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pH value influences the number of H™ or OH ions, which are required to
polymerize the metal-oxygen bond in the growth process [377].
Generally, an increase in pH enhances the nucleation centers, hence
improving the reduction rate of metal ions to metal NPs [378]. This fact
is partially due to the protonation-deprotonation equilibrium of the
biomolecules in the biological extract. Protonation-deprotonation
equilibrium affects the electron donation ability of the biomolecules,
which consequently influences the reduction rate of metal salts [378]. A
few studies have shown, in a quantitative way, the effect of pH on the
synthesis of different kinds of NPs through biosynthesis from various
biological sources.

Platinum NPs were biosynthesized using orange peel extract and
tended to have an irregular distribution at lower pH values, with sizes of
~2.2nm [379]. In contrast, a more homogeneous distribution was
noted with decreased particle sizes at pH 9 and 11, both being ~2 nm
and 1.8 nm, respectively. But this trend is reversed at a very high pH,
that is, pH 13, large clusters develop with increased particle sizes,
averaging 2.8 nm. According to the authors, this tendency towards
aggregate is linked to reducing the availability of protons in alkaline
conditions, needed for the stabilization of the NPs in the process of
synthesis. In addition, high pH can cause the deprotonation of functional
groups associated with the bio-reducing agents. It influences the dy-
namics of stabilization and capping of the bio-reducing agents, which
are not able to control the nucleation and growth of the NPs [379].

A similar behaviour was found in MgO NPs synthesizing [380]. The
alteration of reaction pH from 7 to 3 increased MgO NPs size from
~ 20-44 nm. Moreover, this shift in pH induced a shape alteration,
transitioning from spherical to hexagonal morphology. The results are
consistent with the ones from other research studies in which spherical
NPs were formed due to higher pH levels. Lima et al. [351] employed an
aqueous extract of Ilex paraguariensis to produce Ag NPs at different pH
values. It was observed that higher pH values yielded more spherical
NPs compared to ellipsoidal shapes observed at lower pH levels.

However, this tendency appears to be multifactorial and dependent,
for instance, on the type of NPs to be synthesized. Also, using orange
peel extract, Thi et al. [381] obtained an opposite correlation between
pH and particle size. The authors found that lower pH values produced
spherical-like ZnO NPs with distinct grain boundaries and less coagu-
lation, while at higher pH values, the particles coagulate into larger
clusters or blocks. Specifically, at pH 6, the average size varied between
10 and 20 nm, and at pH 8 and 10, larger clusters with average sizes of
400 nm and 370 nm were formed, respectively (Fig. 15A). Furthermore,
the pH value of synthesis also actively influences the antibacterial ac-
tivity of ZnO NPs. Higher pH values are associated with greater ROS
production. The bactericidal rate against S. aureus was lowest at a pH of
4 and highest at a pH of 10.

It should be noted that the biosynthesis of NPs generally has an
optimal pH, which must be determined on a case-by-case basis. For
instance, the biosynthesis of Au NPs from Ephedra revealed the optimal
pH to be 4 while below 3 no reaction occurred [352]. The authors
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Fig. 14. SEM images of ZnO NPs synthesized using cherry extract at 25 °C, 60 °C, and 90 °C.

Adapted from [373].
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associate pH-dependent behaviour with the interaction of hydrogen ions
with the functional groups in the Ephedra extract.

The pH also affects the NPs’ point of zero charge, which determines
NPs interaction and adsorption behaviour to other molecules. Recently,
Gherbi et al. [382] demonstrated the impact of the reaction pH in the
photocatalytic activity of green synthesized ZnO NPs using Portulaca
oleracea leaves extract.

A significant difference was found in the NPs bandgap value ac-
cording to the reaction pH. Lower pH values resulted in smaller bandgap
energies (e.g., at pH 4 =2.97 eV while pH 11 =3.97 eV), associated with
greater photocatalytic efficiency. pH has also been shown to influence
the morphology of NPs, which affects the generation and reactivity of
the photocatalytic species. Considering that the latter (such as hydroxyl
radicals and superoxide ions) are involved in the degradation of pol-
lutants, it is concluded that the reactivity of NPs is also primarily
affected by the pH of synthesis. Prunus yedoensis leaf extract was used to
synthesize AlpO3 NPs at a pH range from 4-10 [383]. The synthesis of
these particles was accompanied by yellow colour precipitation, which
was more pronounced at pH 7 (Fig. 15B.i). It was also demonstrated that
the rate constant (k) for nitrate removal varies with the pH at which the
NPs were synthesized. The Al;O3 NPs exhibited the highest photo-
catalytic activity under natural sunlight irradiation at pH 7, achieving
up to 94 % removal from aqueous solutions (Fig. 15B.i).

Gericke and Pinches [384] found that a shift in pH can control the
form and size of NPs in Verticillium luteoalbum. Under acidic conditions
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at pH 3, spherical NPs with a diameter of less than 10 nm were pro-
duced. When the pH was increased to 5, the NP size also increased, and
well-defined shapes like hexagons, triangles, rods, and spheres were
produced. Remarkably, at pH 7 and 9, the synthesis gave a mixture of
small, spherical particles and larger ones with irregular and undefined
shapes. Another study showed the effect of the initial pH on the
morphology of gold NPs synthesized by Aspergillus terreus IFO [385]. The
authors showed that a change in the initial pH of the fungal extract from
5, 8, and 10 resulted in the formation of elongated, triangular, and
rod-shaped Au NPs, respectively. Moreover, the study achieved a size
range of 10-19 nm for Au NPs synthesized at pH 10.

The pH value during the NPs’ green synthesis reaction significantly
impacts their morphological, structural, optical, and reactivity proper-
ties. Recent investigations on the pH influence on nanoparticle biosyn-
thesis are available in [349,370,386,387].

4.6. Reaction time

The reaction time also determines their physicochemical properties,
more especially on particle size distribution and morphology. Darroudi
et al. [388] noticed that longer reaction times (48 h) lead to the for-
mation of Ag NPs with more homogeneous and narrower size distribu-
tions and smaller diameters, down to about 5 nm. The authors relate the
longer reaction times with the complete reduction of Ag ions to metallic
Ag, which allows for more homogeneous processes of nucleation and
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growth. Similarly, Manosalva et al. [389] determined the synthesis of Ag
NPs from the leaf extract synthesis reaction was still underway even 20 h
after initiating the reaction. Younas et al. [354] also determined the
development of sharper SPR bands as the reaction time progresses,
indicating the progressive reduction of Ag ions to Ag NPs and the for-
mation of more homogeneous NPs with better distributions over the
reaction time. At the same time, though, the authors established 24 h as
the optimal reaction time for the generation of the desired characteris-
tics of the NPs, including size, distribution, and stability, all of which
play a critical role in its efficiency as an antibacterial agent. However,
since this is a multifactor phenomenon, the relation of size to reaction
time is not linear. For example, in the synthesis of Fe304 NPs using green
tea extract, there was an increase in crystallite size from 7.5 nm to
12 nm, while sizes increased from 20 to 25 nm by increasing the reac-
tion time from 2 h to 10 h, respectively [390] (Fig. 16 A and B). This
increased, in turn, the changes in the associated magnetic properties.
Increasing the reaction time from 2h to 10 h increased saturation
magnetization from 23 emu/g to 49 emu/g at room temperature
(Fig. 16 C1i and ii).

Ren et al. [391] proved the influence of the reaction time on the
synthesis of composites like graphene oxide/chitosan/gold NPs
(rGO/CHS/AuNPs). The reaction time has been shown to reduce gra-
phene oxide (GO) and the size/distribution of Au NPs on the rGO sur-
face. Longer reaction times have led to a redshift of UV-vis absorption
peaks, which indicates a higher deoxygenation degree and restoration of
graphene, meaning a fuller reduction of the GO. In addition, it results in
larger sizes of Au NPs, indicating the nucleation and growth processes of
Au NPs to be time dependent. Optimizing reaction times is imperative
when fine-tuning the NPs’ physicochemical parameters and the perfor-
mance inherent to them, as depicted by the composites, which exhibited
enhanced catalytic activity when reaction times are optimized.
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Although most reported works involve reaction times in the order of
hours, rapid syntheses requiring only a few minutes to synthesize the
NPs are also reported. Philip et al. [392] reported the synthesis of
well-dispersed Ag and Au NPs from Murraya koenigii leaf in just 1 minute
of reaction. Spherical Au NPs using Mangifera indica leaf extract were
synthesized within 2 min and demonstrated high stability over 5 months
[393]. Furthermore, Ag nanorods using Piper nigrum extract were syn-
thesized within 3 min [394] while Ag NPs were synthesized from Nyc-
tanthes arbor-tristis within 20 min of reaction time [395].

Table 7 summarizes key findings, main conclusions and impact of
physicochemical conditions on MNPs synthesis properties.

5. Green vs chemically synthesized nanoparticle: Comparative
studies

Green synthesis of NPs is environmentally friendly since it avoids
harmful chemicals such as sodium borohydride, hydrazine, or sodium
dodecyl sulphate, which are necessary for chemical synthesis [396,397].
As a result, the environmental toxicity of chemical processes and their
associated costs can be addressed using green synthesis methods.
However, these are not the only factors that distinguish both ap-
proaches. These methods yield NPs with distinct shapes, sizes, stability,
and properties. This section explores recent comparative studies eluci-
dating the physicochemical and functional disparities between NPs
produced through chemical versus green methodologies. Table 7 pro-
vides a summary of the key findings.

Green-synthesized Ag NPs using Mussaenda frondosa leaf extract
were compared to chemically synthesized employing sodium citrate
[398]. Ag NPs with a broader size range of 30-60 nm and a range of
shapes (rod, spherical, triangle, and quasi-spherical) were produced
using the plant extract. Compared to the latter, the chemically
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Fig. 16. (A) Field emission scanning electron microscope images of Fe3O,4 NPs at the reaction times of 2 h, 6 h, and 10 h; (B) Fe30,4 NPs crystallite size as a function
of reaction time; (C) Room-temperature magnetization curves (i) and its enlarged view (ii) for the samples at the reaction times of 2, 4, 6, 8 and 10 h (G1, G2, G3, G4

and G5, respectively).
Adapted from [390].
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Table 7

Summary of optimal physicochemical conditions for green MNPs synthesis. The table outlines key findings and main conclusions from various works, highlighting the
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impact of solvent choice, extract concentration, metal salt molarity, temperature, pH, and reaction time on MNPs properties.

Parameter Key works Main Findings Ref

Solvent 96 % ethanol extract of Eucalyptus globulus enhanced the magnetic properties and  Solvent choice affects NP size, stability, and biological [343]
colloidal stability of FeO NPs. properties
Purer ZnO NPs with enhanced antibacterial and antioxidant properties were Water extracts produce smaller MNPs and influence MNPs [345]
obtained with Costus igneus water extract properties
Methanol/water mixture favored the synthesis of Ag NPs using Vernonia Mixed solvents can optimize MNP synthesis [347]
amygdalina, while an ethanol/water mixture promoted Pd NPs formation with
polyvinyl alcohol (PVA).

Extract Using 20 mL of Moringa oleifera extract produced smaller, more stable Ag NPs than ~ Higher extract concentrations increase nucleation sites, [354]

concentration using 25 mL. reducing MNP size but risking agglomeration
10 mL of Cola nitida extract was ideal for Fe2Os NPs synthesis Optimal extract volume balances MNP size and colloidal [350]
stability

Increasing extract volume from 20 do 40 mL progressively increased ZnO NPs Excess extract can promote particle growth over new [355]
using pomegranate peel extract nucleation

Metal salt Optimal synthesis was achieved with 3 mM AgNOs and Cannabis sativa aqueous Higher molarity increases nucleation, producing smaller [362]

molarity extract, outperforming 4 mM concentrations particles, but too high molarity can cause aggregation

Artemisia haussknechtii extract yielded highly crystalline ZnO NPs at 0.1 M Molarity affects NP crystallinity and phase [361]
Lactobacillus sp. bacteria produced smaller CdS NPs than Saccharomyces cerevisiae ~ Yeast synthesizes smaller CdS NPs at higher molarity due to [365]
yeast at 0.25 M efficient detox mechanisms

Temperature Ocimum sanctum extract produced smaller Ag NPs as temperature increased Higher temperatures generally reduce NP size by accelerating ~ [369]

nucleation

Prunus avium (cherry) extract yielded larger ZnO NPs as the temperature increased ~ Extremely high temperatures degrade reducing agents or [373]
from 60 to 90 °C destabilize NPs
Aspergillus oryzae extract formed smaller Ag NPs (4-9 nm) as the temperature rose ~ Fungi produce smaller NPs at higher temperatures [375]
from 10 °C to 90 °C

pH ZnO NPs with orange peel extract measured 10-20 nm at pH 6, increasing to Alkaline pH increases nucleation and reduces NP size, but [381]
400-370 nm at pH 8 and 10 extreme pH can cause aggregation
MgO NPs shifted from spherical to hexagonal shapes, and Ag NPs changed from pH influences MNP morphology and activity [380]
spherical to ellipsoidal at lower pH levels [351]
Ephedra extract produced optimal Au NPs at pH 4, with no reaction occurring Optimal pH varies by NP type and biological system [352]
below pH 3

Reaction time The optimal synthesis time for Ag NPs using glucose was 24 hours (maximizing Longer reaction enhances MNP uniformity and stability, by [388]
size control, distribution, stability, and functionality), while Moringa oleifera allowing for more homogeneous processes of nucleation and [354]
required 48 hours growth
Ultra-fast Ag NP synthesis was achieved in just 1 min using Murraya koenigii Fast synthesis possible [392]

extract

Fe,O, NPs synthesized with green tea extract grew larger and showed increased

magnetization over longer reaction times

Reaction time affects NP properties [390]

synthesized showed less crystallinity but smaller, more homogeneous
sizes ranging from 9 to 14 nm and spherical shapes. Additionally, green
synthesized Ag NPs demonstrated greater stability and enhanced anti-
oxidant activity, showing a scavenging activity of DPPH of 91 % at a
concentration of 5 mg/mL, in contrast to 79 % for the same concentra-
tion of the chemically synthesized (Fig. 17A). This difference is
explained by the presence of biomolecules (such as flavonoids and
phenolic compounds) on the surface of the NPs that demonstrate anti-
oxidant properties. Similar results were also verified for
green-synthesized Ag NPs using Cucumis sativus and Oryza sativa L.
compared to commercial chemical counterparts (from Pantian nano
Material Co., Ltd.) [399]. They exhibited long-term antibacterial effects
and boosted plant photosynthesis by increasing chlorophyll content.
Unlike chemical synthesis, which produces excessive reactive oxygen
species (ROS), the green Ag NPs were less toxic to plants. Barabadi et al.
[68] uncovered that Zataria multiflora-derived Ag NPs exhibit a spher-
ical shape and an average diameter of 25.5 nm. Notably, these NPs
demonstrate superior antibacterial efficacy to commercial chemical Ag
NPs (CAS number 7440-22-4 with a <100 nm particle size) when tested
against Staphylococcus aureus, with MIC values of 4 and 8 ug/mL,
respectively.

Further, the MgO NPs synthesized with the leaf extract of Lawsonia
inermis showed higher antibacterial activity against gram-positive
bacteria such as Bacillus subtilis and Staphylococcus aureus and gram-
negative bacteria such as Escherichia coli and Proteus vulgaris than
the chemically prepared one (Fig. 17B) [372]. This may be due to
organic biomolecules attached on the surface of green-synthesized NPs
and the smaller size. On the other hand, the green-synthesized ZnO NPs
(using the peel extract of Musa acuminata) showed sizes between 20 and
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90 nm (Fig. 17C.i) and triangular and spherical shapes, while the
chemically synthesized ones showed sizes between 20 and 200 nm, an
irregular morphology, with a higher degree of aggregation (Fig. 17C.ii)
[373]. The authors have emphasized the higher stability of the green
NPs due to the presence of capping by positively charged organic mol-
ecules derived from the extract. The green NPs, moreover, showed
higher efficiency of photocatalytic degradation; they were able to
remove 100 % of certain dyes, whereas the chemically synthesized ZnO
NPs removed 87.71 % of the dyes. They further showed better reus-
ability for multiple runs [400]. The same trend was observed in the ZnO
NPs synthesized using Phoenix roebelenii palm leaves, where it managed
to remove 98 % of methylene blue dye under UV illumination for
105 minutes [401]. This could be attributed to the bioactive compounds
increasing the pollutants’ interaction through adsorption and avail-
ability of reactive sites. The increased surface area and hydroxyl groups
on the surface increase the generation of ROS and boosts the photo-
degradation efficiency. In addition, surface oxygen vacancies on the
green-produced ZnO enhance electron-hole pair separation and produce
a higher amount of superoxide active radicals. The absence of bioactive
compounds on the chemically synthesized NPs impairs their photo-
degradation efficiency [401].

Karimi et al. [402] used jasmine flower extract to synthesize TiO;
NPs, as opposed to the chemical synthesis method involving
ethanol-induced chemical reduction of the ions. This was due to the
presence of alkaloids, coumarins, and flavonoids within the extract,
which served as catalysts during the process of synthesis and imparted
special biological properties to the NPs. The green-synthesized TiO2 NPs
showed a diameter of the inhibition zone to be 14 mm for Escherichia coli
and 12mm for Klebsiella pneumoniae, whereas the chemically
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Fig. 17. (A) DPPH scavenging activity of Ag NPs at concentrations from 1 to 5 pg/mL for both green and chemically synthesized NPs; (B) Antibacterial activity of
green and chemically-synthesized MgO NPs against Bacillus subtilis, Staphylococcus aureus gram-positive and Escherichia coli, Proteus vulgaris gram-negative bacteria;

and (C) TEM images of (i) green and (ii) chemical ZnO NPs.
Adapted from [398,49] and [400].

synthesized NPs yielded a lesser value, that is, 12 mm and 11 mm,
respectively. The inhibition zone was 8 mm for all gram-positive bac-
teria such as Staphylococcus aureus.

Alongside physicochemical variations in Table 7, real application
demonstrates that MNPs, prepared by green routes, surpass chemically
prepared counterparts in many applications and many cases. Environ-
mental sustainability, for instance, demonstrates green ZnO and TiO:
NPs exhibiting significantly improved photocatalytic activity in water
cleaning with greater degradation of organic pollutants, better recy-
clability, and lower toxicity than their chemically prepared counterparts
[269,400,401]. This enhanced performance is due to plant extracts’
bioactive molecules, which increase surface functionalization, improve
electron-hole pair separation, and boost ROS production, improving
photodegradation efficiency [402].

Similarly, green-synthesized Ag and MgO NPs in biomedical appli-
cations exhibit higher antibacterial activity, demonstrating high effi-
ciency against multidrug-resistant pathogens, superior to commercial
chemically synthesized Ag NPs [89,397]. Such attributes make them
candidates for antimicrobial coatings, dressings of wounds, and
biomedical devices where chemical synthesis conventionally employs
harmful stabilizing agents which can compromise biocompatibility [49].
Furthermore, biosynthesized TiO> NPs exhibit enhanced antibacterial
and photocatalytic efficiency, making them a double-edge material for
applications in biomedicine and purification of the environment [402].
The native biomolecules of plant-derived natural biomolecules of NPs
including flavonoids, polyphenols, and alkaloids render them bioavail-
able and biocompatible to provide a safer drug delivery, cancer therapy,
and tissue engineering where the NPs prepared chemically suffer from
limitations based on toxicity [398].

In agriculture, green-synthesized Ag NPs have been reported to
promote growth and resistance against bacterial and fungal infections
and minimize phytotoxicity risks of chemically synthesized NPs [399].
Unlike the chemical counterparts that are known to cause oxidative
stress and uncontrolled ROS production, green NPs exhibit controlled
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release and prolonged antimicrobial activity, which is beneficial for
eco-friendly crop protection [399]. In addition, ZnO NPs prepared from
Phoenix roebelenii palm leaves effectively degraded 98 % of methylene
blue dye under UV light for 105 minutes with higher efficiency
compared to chemically synthesized ZnO NPs due to their higher surface
reactivity and bioactive functional groups [401].

Moreover, green synthesis protocols are critical in reducing toxic
waste as well as promoting environmentally friendly nanotechnology
solutions. Traditional chemical synthesis is predicated on toxic pre-
cursors such as sodium borohydride, hydrazine, and sodium dodecyl
sulfate, all of which are toxic to human health and the environment
[396,3971(371, 372). Green processes eliminate the need for these toxic
reagents and ensure high-yielding, inexpensive, and scalable manufac-
ture, rendering them a more sustainable and feasible option for indus-
trial applications. With these advantages, green-synthesized MNPs have
the potential to revolutionize industries like health, environmental
cleaning, and green agriculture with a vision of ecological nanotech-
nology with enhanced functional performance.

6. Biocompatibility, toxicity, biodistribution and degradation
pathways

Conducting compatibility and cytotoxicity assays for NPs is essential,
irrespective of their intended application, given human manipulation
from the synthesis process to its final application. NPs’ toxicity and
genotoxicity should first be established through in vitro and then in vivo
assessment. NPs toxicity is associated with inflammation responses, the
generation of reactive oxygen and nitrogen species in excessive
amounts, and elevated production of inflammatory cytokines, which in
turn may contribute, through potential pathways, to the elicitation of
cytotoxicity [403,404]. Many tests allow assessing the cytotoxicity of
NPs, but they are mainly based on three assays: (i) proliferation and
metabolic activity assays, (ii) Apoptosis, and (iii) Membrane integrity
damage [404].
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Other methods for evaluating nanotoxicity include hemocompati-
bility, immuno-toxicity and oxidative stress assays. In vivo toxicity
methods include histopathology, clearance, haematology and bio-
distribution assays [405].

Therefore, this section will detail studies that explore the biocom-
patibility and toxicity of green-synthesized NPs, both in vitro and in vitro.

6.1. In vitro assays

To better understand the possible toxicity of MNPs, assessing the
biocompatibility of the extract employed in their synthesis is essential,
whenever feasible. Gharbavi et al. [406] conducted a comprehensive
hemocompatibility evaluation, evaluating not just the selenium (Se) NPs
derived from Vaccinium arctostaphylos L. fruit extract but also the impact
of the extract itself and the metallic precursor (sodium selenite). In these
assays, blood compatibility was inferred from the extent of haemolysis
observed in red blood cells, characterized by membrane disruption and
the subsequent release of haemoglobin into the blood plasma.
Remarkably, all samples exhibited comparable haemolytic activity,
showing a concentration-dependent trend. Moreover, even at high
concentrations like 800 pg/mL, the haemolysis rates remained below
13.29 £+ 1.6 %, which indicates appropriate biocompatibility of both
MNPs and the extract used (Fig. 18. A). A similar hemocompatibility
profile was found for Se NPs synthesized using Orthosiphon stamineus leaf
extract, revealing maximum haemolysis of 6.4 % at the highest con-
centration of 200 pg/mL [407]. When treating peripheral blood mono-
nuclear cells (PBMCs) with 100 pg of biogenic Se NPs, maximum cell
viability of 74.28 % was obtained, with a small fraction of cells in early
apoptotic (18.03 %), late apoptotic (2.82 %), and necrotic (4.87 %)
stages. These viability values are close to those obtained in the untreated
control (80.96 % viable cells), confirming the MNPs’ biocompatibility.

Anjum et al. [408] evaluated the biocompatibility of core-shell
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Au-Ag and hybrid bimetallic NPs (BNPs) of Au-ZnO and Ag-ZnO syn-
thesized from Manilkara zapota leaf extract. They assessed the lethal
concentration of brine shrimp to increasing concentrations from 25 to
200 mg/mL. The LCsq values of the MNPs allowed for the classification
of toxicity: LCsp > 100 mg/mL represents non-toxicity; LCsg
30-100 mg/mL shows mild toxicity; LCs9 10-30 mg/mlL indicates
moderate toxicity; and LCsop 1-10 mg/mL is toxic. All samples showed
moderate toxicity behavior. Ag-ZnO, Au-Ag, and Au-ZnO showed an
LCsp of 21.63 + 0.61, 25.73 + 2.5, and 20.96 + 1.89 mg/mL, respec-
tively. Haemolysis assays showed haemolytic activity to be less than
5 %, hence safe for use on humans. Ag-ZnO NPs revealed the lowest
percentage of haemolysis as 3.16 + 0.18 % compared to Au-Ag and
Au-ZnO as 4.22 + 0.34 % and 3.76 + 0.53 %, respectively. On the other
hand, Ag NPs prepared through radish seed extract showed significant
compatibility with human blood despite the time-dependent haemolysis
exhibited by the Ag NPs, synthesized at pH 8 [409]. At a dosage con-
centration of 1000 ug/mL, the haemolysis percentage remained within
the minimum values up to 3 hours before gradually increasing. How-
ever, the haemolytic activity remained relatively low at the end of the
12-hour incubation period with the Ag NPs (Fig. 18. B). Muhmud et al.
[410] evaluated the hemocompatibility of Ag MNPs synthesized using
Syzygium cymosum leaf extract at various pHs; 5, 7, 8, and 10. Ag NPs
synthesized at pH 8 recorded the highest haemolysis values against rat
and human red blood cells, reaching 4.59 and 4 %, respectively, within
acceptable hemocompatibility thresholds (Fig. 18. C). Although the
difference may not be significant, it indicates the impact of pH on
hemocompatibility profiles, increasing the need to consider pH levels in
NPs synthesis.

Similar tests were used in the comparative biocompatibility study
between chemically and green-synthesized FeO NPs [411]. A 24 h
lethality assay for brine shrimp showed that chemically synthesized ones
showed significant mortality at a lower 2 mg/mL concentration. On the

. eotysis o)

[

)

Hemolysis (

0.0

Time (hrs)

cene

“een

sese sens

ene

% Viabillity

I
0 1 2

Concentration (mg/mL)

GS FeONPs E3 CS FeONPs

Fig. 18. (A) Haemolysis (%) effect of increasing concentrations of Se NPs derived from Vaccinium arctostaphylos L. fruit extract; (B) Time-dependent haemolysis (%)
effect of 1000 pg/mL Ag NPs derived from radish seed extract. Inset: (a) negative control, (b) sample, and (c) positive control; (C) Haemolysis (%) effect of Ag NPs
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Adapted from [406,409-411].
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other hand, their green-synthesized counterparts showed this effect at a
higher 6 mg/mL concentration. In addition, the cytotoxicity studies on
peripheral blood mononuclear cells (PBMCs) were performed using the
MTT assay, and a less cytotoxic effect of green synthesized FeO NPs was
seen. Ata 100 pg/mL concentration, green NPs showed a cell viability of
84.04 + 0.94 %, and the chemical variant showed only 53.68 + 1.50 %
viability (Fig. 18. D). Based on ISO 10993-5:2009, which stipulates a
non-toxic treatment as that with cell viability over 70 %, the green
synthesized NPs fall in the non-toxic range [412]. It can thus be clearly
noticed that synthesis methods make a difference in the environmental
impact of NPs.

Abdelmigid et al. [413] showed a comparison between the chemical
and green-synthesized ZnO for biocompatibility, and the use of two
kinds of extracts in green synthesis: Punica granatum peel and coffee
ground extracts. Here, assessment of the cytotoxic effects against the
monkey kidney cell line (Vero E6) revealed extract, time, and
dose-dependent manners. ZnO NPs produced from coffee ground ex-
tracts demonstrated a significant reduction of cell viability from
100 pg/mL. On the other hand, the ZnO NPs prepared from Punica
granatum peel exhibited similar behaviour at a lower 60 pg/mL con-
centration. This toxic effect is more marked in chemically synthesized
products, which considerably reduce cell viability from 40 pg/mL on-
wards. Table 8 provides a summary of in vitro toxicity’s main findings.

6.2. In vivo assays

Although in vitro assays allow for an initial screening of MNPs, in
vivo assays are essential for establishing more accurate biological and
toxicological profiles. This type of assay allows to evaluate the systemic
and cumulative effects of MNPs, which include their metabolism,
toxicity in different tissues and organs, biodistribution and bio-
accumulation. Furthermore, it is necessary to emphasize that in vitro
tests do not allow to mimic the complex interactions of living biological
organisms (such as blood circulation, immune response, and interaction
with proteins, among others) and, therefore, do not allow to predict
their holistic behaviour in living organisms. Several studies have
demonstrated that the toxicity and hepatocellular damage of NPs is
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influenced by size, dose, shape and conjugated ligands [414,415], so
there may be significant differences between chemical and green syn-
thesized NPs. Veeragoni et al. [416] investigated the toxicity and bio-
distribution of green synthesized Ag NPs from Padina tetrachromatic (Ag
PTs) compared to chemically synthesized NPs (Ag NPs) using Swiss al-
bino mice. Initially, in vitro screening revealed that green Ag PTs induced
fewer chromosomal aberrations and micronuclei than chemical Ag NPs.
These findings were corroborated in Swiss albino mice, where Ag-PTs
did not significantly increase the number of aberrant metaphases. In
contrast, Ag-NPs showed a considerably higher number of aberrant
metaphases and total aberrations in both single (P < 0.05) and
multiple-dose treatments (P < 0.001). Moreover, Ag-PTs generated
fewer micronuclei in bone marrow polychromatic erythrocytes (PCEs)
compared to Ag-NPs, both in single (5.71 + 0.76 % vs. 12.64 + 0.87 %)
and multiple dose treatments (8.51 + 0.81 % vs. 14.15 + 1.16 %).
Similarly, Ag-PTs reduced micronucleus generation in peripheral blood
PCEs compared to Ag-NPs, with single dose treatments yielding 5.12
+ 0.57 % vs. 7.02 £+ 0.35 % and multiple dose treatments producing
7.4 +0.59% vs. 10.11 +0.91 % (Fig. 19). Biodistribution studies
showed that both types of MNPs were distributed throughout the body,
with higher accumulation in the liver, spleen, and kidney. However,
green Ag-PTs exhibited preferential accumulation in tumours, likely due
to phytochemicals on the MNPs surface that enhance circulation and
retention in tumours. Histopathological tests supported the latter re-
sults; green NPs caused mild vacuolar degeneration in the liver and
slight hypertrophy in the spleen, while chemical MNPs induced severe
effects, including multifocal necrosis in the liver and moderate follicular
atrophy in the spleen [416].

Ultra-small Au NPs synthesized using egyptian propolis extract were
administered to male albino rats to assess biodistribution and acute
toxicity at 10 mg/kg doses and 100 mg/kg [417]. Higher doses of Au
NPs accumulated in liver, kidney, and brain tissues were 4.41, 2.96, and
0.3 times higher than the doses with the lower doses. Notably, the
blood-brain barrier was not crossed by Au NPs as their accumulation in
brain tissue was confined to only glial cells. Further, there was no
damage or inflammation observed in the cerebral cortex. However,
higher doses showed signs of congestion with cellular changes in liver

Table 8
Summary comparison of physicochemical properties and functional activity of several metallic NPs synthesized by chemical and green approaches.
NP Synthesis approach Size Morphology Stability Functionalization Activity Ref
(nm)
Ag Chemical < 100 Spherical Not Citrate-reduced AgNs < antibacterial efficacy [98]
(Commercial) reported (MIC=8 pg/mL)
Green 25.5 Spherical Not Flavonoids, polyphenols, proteins > antibacterial efficacy
(Zataria multiflora) reported (MIC=4 pg/mL)
Ag Chemical 9-14 Spherical Lower Sodium citrate < antioxidant activity [398]
Green 30-60 Several Higher Tannins, terpenoids, phenolic compounds > antioxidant activity
(Mussaenda frondose)
Ag Chemical 5-25 Not reported Lower No coating reported < Photosynthetic pigment [399]
(Commercial) content
+ Toxicity
Green 20-40 Not reported Higher Amino acids, reducing sugars, organic acids, Long-term antibacterial
(Cucumis sativus and fatty acids properties
Oryza sativa L.) Promote photosynthesis
- toxicity
ZnO Chemical 20-200 Irregular, rod, and Lower No coating reported < Photocatalytic degradation [400]
spherical efficiency (87.71 %)
Green 20-90 Triangular and Higher Polyphenols, catechoalamines, proteins, fatty > Photocatalytic degradation
(Musa acuminata) spherical acids, fiber, amines, potassium efficiency (100 %)
> Reusability
MgO Chemical 24 Spherical Not No coating reported < Antibacterial activity [49]
reported
Green (Lawsonia 20 Spherical Not Linalol, a-terpineol, eugenol, 2-hydroxy—1,4- > Antibacterial activity
inermis) reported naphtoquinone, hexadecanoic acid
TiO2  Chemical 31-42 Spherical Not No coating reported < Antibacterial activity [402]
reported
Green 32-48 Spherical Not Alkaloids, coumarins, flavonoids, terpenoids, > Antibacterial activity
(Jasmine flower) reported essential oils > Photocatalytic activity

28
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Table 9
Overview of in vitro assays findings of green synthesized metallic nanoparticles highlighting hemocompatibility, cell viability, and toxicity main findings.

NP Biological route Toxicity values Toxicity findings Ref

Se Plant Haemolysis < 13.29 % at 800 pg/mL; Normal HEK—293 Low haemolysis even at high concentrations [406]
(Vaccinium arctostaphylos cells (ICso = 384.44 + 47.16 ug/mL);
L)

Se Plant Haemolysis 6.4 % at 200 pg/mL; PBMC viability 74.28 %; Low haemolysis (at high concentrations; PBMC [407]
(Orthosiphon stamineus) untreated viability 80.96 % viability like untreated conditions

Ag-ZnO, Au-Ag, Plant LCso: 20-25 mg/mL; Haemolysis < 5 % Moderate toxicity in brine shrimp; Low haemolysis [408]

and Au-ZnO (Manilkara zapota)

Ag Plant Haemolysis < 3 % up to 3 h at 1000 pg/mL Time-dependent haemolysis but low overall [409]
(Radish seed) haemolytic activity

Ag Plant Haemolysis 4 % (human RBCs), 4.59 % (rat RBCs) pH affects hemocompatibility; Haemolysis within [410]
(Syzygium cymosum) safe thresholds

FeO Plant (Cardiospermum L.) 24 h lethality: green at 6 mg/mL, Green MNPs are non-toxic while chemical MNPs are [411]
vs. Chemical chemical at 2 mg/mL. toxic

PBMC viability: green 84 %, chemical 53 % at 100 pg/mL

ZnO Plant Toxicity in monkey kidney cell line from 60 ug/mL (coffee ~ Dose-dependent toxicity; Coffee-ground are less [413]
(Punica granatum, coffee grounds) and 100 pg/mL (Punica granatum) toxic than Punica granatum MNPs
grounds)

201
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Fig. 19. Percentage of bonemarrow micronucleus in Swiss albino mice treated with Ag PTs and Ag NPs 5 mg/kg bw post-treatment of single and multiple doses
(0.9 % NaCl-negative control; CP 40 mg/kg bw-positive control); (B) Mean area percentage of high drug (100 mg/kg) distribution on the studied tissues. *p < 0.05,
**p < 0.01, * **p < 0.001, * ** *p < 0.001; (C) Static SPECT of radiolabeled green synthesized FeONPs with doxorubicin and gamma-emitting radionuclide (99mTc)
distribution on rabbit models after (i) 30 min and (ii) 120 min upon administration.

Adapted from [416].

and kidney tissues. Thus, a low dose of 10 mg/kg is suggested for living
organisms [417].

Raoof et al. [418] radiolabelled green synthesised FeO NPs, using
green tea extract, with doxorubicin and gamma-emitting radionuclide
technetium-99m (99mTc) to investigate their biodistribution in a rabbit
model. Single photon emission computed tomography (SPECT) shows
higher detection sensitivity compared to MRI and was the imaging
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modality used in this study. In this case, after 30 minutes of injection,
the radiolabeled NPs significantly accumulated in the liver, bladder,
heart, and kidneys, whereby maximum accumulation was seen within
the liver due to the role that this organ has in the reticuloendothelial
system. In addition, FeO NPs facilitated extended residence of the
radionuclide, which is advantageous for diagnostic imaging and tar-
geted drug therapy. This extended residence did not lead to adverse
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reactions or acute toxicity in the rabbits during the observation time.
Biodegradation products of NPs should be incorporated into the normal
iron pool in the blood and afterwards metabolized and excreted without
damage to the biological system [418]. Similar conclusions have been
drawn with Ag NPs synthesized using Syzygium cymosum following
intravenous injection to male Wister rats at doses of 5, 10, and 50 mg/kg
body weight (B.W.) at three-time points: 1, 7, and 28 days. Biochemical
studies show there were no significant differences statistically
(P > 0.05) in liver function biomarkers (alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
gamma-glutamyl transferase (y-GT), and albumin) and kidney function
biomarkers (creatinine and uric acid) from the bAgNP-treated and
control groups until 28 days [410]. Histopathological examination of
vital organs, including the liver, kidneys, lungs, spleen, heart, and brain,
did not identify any tissue lesions or significant abnormalities in the
bAgNP-treated groups compared to the control group.

Nonetheless, Vasappa et al. [419] reported that Au NPs synthesized
by Lactobacillus plantarum significantly elevated the level of key liver
enzymes such as alanine aminotransferase, aspartate aminotransferase,
and alkaline phosphatase, indicating acute liver damage and dysfunc-
tion. Besides, significant changes in bilirubin levels further demon-
strated the hepatotoxicity of these green-synthesized Au NPs. A similar
toxicity profile was observed when Au NPs were functionalized with the
antibiotic’s ciprofloxacin, cefotaxime, and ceftriaxone. Functionaliza-
tion of NPs with the antibiotic levofloxacin reversed the hepatotoxicity;
the levofloxacin-NP complex did not induce hepatotoxicity with mini-
mal changes in enzyme levels as against animal controls. Biodistribution
assays showed that free and antibiotic-conjugated NPs preferred accu-
mulating in the spleen and liver. High concentrations of NPs in these
organs after 24 hours of administration were decreased over 168 hours,
pointing toward their clearance [419]. Levofloxacin-NP complex indi-
cated a higher clearance rate, thus underlining the role of NPs func-
tionalization for changing toxicity and innate clearance. The main
routes for body elimination of free GNPs and those functionalized with
antibiotics are hepatobiliary and renal pathways [419]. Most NPs, being
around 12 nm in size, are taken up by the liver’s Kupffer cells and
secreted by bile, hence eliminated via the hepatobiliary route and
excreted in the faeces. The minority, for NPs smaller than 6 nm, are
cleared by the renal system and excreted in urine. This route enables
faster elimination compared to the hepatobiliary route [419]. Table 10
provides a summary of in vivo toxicity biodistribution, histopathology
and clearance pathways main findings.

Table 10
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6.3. Long-term biocompatibility and degradation pathways

Green-synthesized MNPs are generally considered more biocompat-
ible due to the absence of harmful reducing agents and the presence of
biocompatible capping agents derived from biological sources. None-
theless, the number of in vivo and in vitro studies assessing the long-term
behavior of green synthesized MNPs in biological systems is quite
limited. The biocompatibility of these is significantly reliant on their
intrinsic characteristics (such as particle size, shape, surface charge) as
well as the nature of the biomolecules used for their synthesis which, in
turn, determines cellular uptake, biodistribution, and possible cytotoxic
actions over extended durations [420-422]. For example, small NPs
have a higher viability to cross the membrane of a cell and be deposited
in organelles, which may modify intracellular pathways and generate
oxidative stress [423].

While there are still a few studies specifically focused on the
biodegradation of green-synthesized MNPs, it is anticipated that the
mechanisms involved will resemble those seen in MNPs synthesized
through traditional methods. In the human body, enzymes such as oxi-
doreductases and hydrolases play a crucial role in breaking down MNPs.
Additionally, immune cells like macrophages can engulf MNPs through
phagocytosis, exposing them to ROS and acidic environments that
induce dissolution [424-426]. However, the complex nature of MNPs,
which can act as both pro- and anti-oxidants, adds layers of complexity
to their biological effects, highlighting the need for more research to
ensure their safe and effective application in biomedical fields [427].
Furthermore, MNPs quickly attach to proteins in biological fluids,
creating a dynamic "protein corona" that affects how they are recognized
by cells, their potential uptake by phagocytic cells, and the initiation of
degradation or clearance processes [428]. The formation of the protein
corona gives a new biological identity to MNPs, affecting how they
interact with living systems and determining their fate in vivo [429]. In
turn, the composition of this protein corona is shaped by the type of
MNP material, as different materials exhibit unique binding patterns
with various proteins [428]. Once these MNPs are taken up by cells,
their degradation can be sped up by interactions with specific proteins
like apoferritin, which may change the structure and properties of the
protein [430]. After degradation, the metal ions or smaller complexes
released from the MNPs can either be metabolized or excreted,
depending on the organism’s metabolic capabilities and the chemical
characteristics of the metal [430].

In the environment, MNPs are subjected to natural degradation
processes through microbial activity, photocatalysis, and chemical
oxidation [431]. Microorganisms in soil and aquatic systems can
interact with MNPs, producing extracellular enzymes that act as

Overview of in vivo assays findings of green synthesized metallic nanoparticles highlighting cell viability, toxicity main findings, biodistribution, histopathology and

clearance pathways findings.

NP Biological route Toxicity values Toxicity findings Biodistribution Histopathology Clearance Ref
Ag Plant (Padina Single dose: 5.71 Fewer chromosomal aberrations Liver, spleen, Mild vacuolar Hepatobiliary, [416]
tetrachromatic) + 0.76 %; Multiple dose: and micronuclei than chemical kidney, tumour degeneration (liver), renal
8.51 + 0.81 % MN; MNPs (higher retention) slight spleen hypertrophy
P < 0.05-0.001
Au Plant 10 mg/kg: minimal Dose-dependent toxicity; No brain Liver, kidney, brain Cellular changes in Hepatobiliary, renal ~ [417]
(Egyptian toxicity; 100 mg/kg: liver/  damage even at high doses liver and kidney
propolis) kidney congestion
FeO Plant No acute toxicity observed Extended residence time for Liver, bladder, heart, No tissue damage Metabolized, [418]
(green tea) during observation imaging and drug delivery without kidneys excreted via blood
adverse reactions iron pool
Ag Plant No statistical differences No significant changes in liver/ Liver, kidney, lungs, No lesions or Hepatobiliary, renal ~ [410]
(Syzygium (P > 0.05) in ALT, AST, kidney biomarkers or spleen, heart, brain abnormalities
cymosum) ALP, y-GT, creatinine, uric histopathology until 28 days
acid
Au Bacteria Increased ALT, AST, ALP, Elevated liver enzymes and Liver, spleen Severe hepatocellular ~ Hepatobiliary [419]
(Lactobacillus bilirubin bilirubin, indicating hepatotoxicity; damage in (major), renal
plantarum) Functionalization with levofloxacin unmodified MNPs (minor, <6 nm)

reduced toxicity
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reducing agent, that facilitate their reduction or dissolution and break
down into less harmful components [432,433]. Sunlight can also
accelerate MNPs degradation via photocatalytic reactions altering their
structure and reactivity. High-energy photons excite the metal’s surface
electrons, generating ROS that break down both the organic capping
agents and the metallic core, releasing metal ions. The significant
changes in the physical and chemical structure of MNPs can influence
their reactivity, potentially reducing their environmental persistence
and toxicity [434]. Although this process helps to reduce the persistence
of MNPs in the environment, the ions released can still affect ecosystems
based on their concentration and local conditions.

While green synthesis offers clear benefits, there is still a significant
gap in the understanding of the long-term biocompatibility and degra-
dation pathways. Most existing research has concentrated on acute
toxicity and short-term effects, with few studies exploring chronic
exposure or the cumulative impact of MNPs that persist in biological and
ecological systems. The complexity of biological environments and the
variability in green synthesis methods require detailed evaluations on a
case-by-case basis to fully understand the long-term outcomes. Future
research should aim to establish standardized protocols for assessing
chronic biocompatibility, long-term biodistribution, and complete
degradation pathways to ensure the safe and sustainable application of
green-synthesized MNPs in several industries [435].

7. Challenges and limitations

The potential of green synthesis, independent of the biosynthesis
mediator used, is reflected by the amount of work reported and the
knowledge it reflects. While green synthesis using plants and algae is
environmentally friendly, the widespread application of this technology
is hampered by significant material-related constraints due to the sea-
sonality and geographic restrictions of many plants and algae [436]. In
addition, the composition of the extracts varies significantly with
geographic and seasonal differences, which hinders consistent produc-
tion of MNPs, the establishment of standardized protocols, and scal-
ability [437]. Moreover, most extract preparation and synthesis
processes lack references describing the decision regarding extraction or
synthesis process selection. Critical parameters like temperature, con-
centration, time, and the medium in which the extract is prepared, along
with factors like centrifugation, are inconsistently applied, with some
researchers incorporating them while others do not.

Such inconsistencies and the lack of integrated characterization
result in an incomplete understanding of the mechanisms by which
phytocompounds influence MNP synthesis. Despite the advantages of
green synthesis, several challenges hinder its widespread adoption and
industrial scalability. These include batch-to-batch variability, in-
consistencies in biological extracts, and challenges in maintaining
consistent MNPs properties. Additionally, the impact of environmental
factors such as hydrostatic pressure and microbial activity must be
further explored [438]. Understanding how these conditions affect
biosynthesis mechanisms could lead to improved reproducibility and
efficiency in NP production. Addressing these inconsistencies requires
real-time monitoring and bioprocess engineering strategies, alongside
appropriate analytical characterization techniques, to improve repro-
ducibility and quality control.

In the comprehensive review conducted by Kumar et al. [29], it was
also noted that one of the major production challenges is the need for
robust NPs stabilization to prevent agglomeration, which directly im-
pacts NPs functionality. Furthermore, it was emphasized that NPs
demonstrating better performance in aqueous environments tend to
show enhanced biocompatibility, an essential aspect when targeting
biomedical and environmental applications. These findings align with
our observation that the solution stability and formulation environment
play a key role in the success of green-synthesized MNPs.

Since the main aim of green approaches is to enhance nanoparticle
synthesis’s sustainability, environmental impact studies of when this
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synthesis is scaled up for the industry are essential without losing the
advantages of green synthesis [439]. Although many MNPs have shown
promising results against bacteria, fungi, free radicals, cancer cells, and
parasites and favourable toxicity and neurotoxicity assessments, the
long-term effects of MNPs are mostly unknown [197]. Thus, prophy-
lactic studies of the potential nanoparticle toxicity to human health and
the environment are needed, and the cost-benefit ratio of green synthesis
needs to be assessed.

Concerning bacterial-mediated synthesis, one major challenge is
controlling the size and morphology of MNPs. Different sizes and shapes
of MNPs result in different physical, chemical, and biological properties
due to the complex interplay of the enzymatic reaction and cellular
processes within metal ion bioreduction. The coordination of factors
within the bioreduction of metal ions may depend on growth condition
variations, such as pH, temperature, and nutrient availability, which
may affect the synthetic process and size and shape [214,440]. A
fundamental understanding is required nested within biological and
engineering principles. Explorations in this area involve genetic and
metabolic engineering of bacterial strains for MNPs synthesis [211]. One
approach suggests controlling the reduction and nucleation processes by
manipulating enzyme expression and metabolic pathways. This would
help to control the size, shape, and composition of the yielded MNPs.
The manipulation of MNPs’ properties can also be undertaken by
fine-tuning growth conditions such as pH, temperature, and nutrient
levels [441]. Inclusion of MNP templates or seeding material entrapped
into the bacterial culture is an innovative approach that will allow the
nucleation and growth of MNPs and guide size and morphology through
processes that result from biological processes in the bacterial envi-
ronment while concurrently providing external signalling factors that
shape the formed NPs [442,443].

The current restrictions in manipulating the MNPs’ properties also
prevent large-scale fungal and yeast-mediated biosynthesis [444]. The
complex processes depend on species, reaction conditions, and metab-
olites, resulting in variable features [445]. However, the specific
mechanisms are not generally acknowledged or completely understood.
Examples are the role of anthraquinone pigments NADH-dependent ni-
trate reductase in reducing metal ions. Optimization strategies that can
be applied include improving purification methods by a 3.5-fold in-
crease and a threefold reduction in cost [446]. In this regard, the sta-
tistical design of experiments and high-throughput microbioreactor
systems have also optimized other biosynthetic pathways, for example,
Taxol, for which significant yield improvements could be obtained in 5 L
bioreactors [447]. The introduction of CtvA into other species of fungi
also has the potential to diversify and scale up other fungal natural
products for drug development [448]. Further improvement in the re-
covery and purification of MNPs is being undertaken to streamline the
recovery and purification processes, while in situ purification methods
are further coming up for directly separating particles during the pre-
paratory processes, thus reducing the cost and time. Nonetheless, pur-
ifying and isolating MNPs from the mixtures with microorganisms’
biomass and biomolecules is still challenging, hence the need for
effective techniques concerning the downstream processing of MNPs in
the mixture [448]. Table 11 summarizes the main challenges and limi-
tations of green synthesis using plants, algae, bacteria, yeast, and fungi
and the proposed overcoming strategies.

8. Conclusion

Green synthesis is a valuable approach to producing MNPs, which
enclose environmentally friendly and sustainable methods that involve
using either natural products or biological systems - such as plants,
algae, yeast, bacteria, and fungi- in reducing metal ions for creating
nanostructured materials. Generally, green synthesis methods have
fewer chemicals and are usually economically affordable, simple, and
clean compared with other physical and chemical methodologies.

Plants are mainly used for green synthesis due to their availability,
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Table 11

Challenges and limitations of green synthesis (using plants, algae, bacteria,

yeast, and fungi) and the proposed overcoming strategies.

Challenges and Limitations

Overcoming Strategies

Plants Seasonality and geographic -
and restrictions
algae High variability Optimize the synthesis parameters
and develop standardized
protocols
Unclear role of Experimental evidence and
phytocompounds and comprehensive integration of
biosynthesis mechanisms multiple characterization
techniques
Environmental and scale-up Advance green synthesis processes
limitations and conduct environmental impact
studies
Low conversion rates and Select different biological
yields alternatives and optimize reaction
parameters
Biocompatibility Understand the underlying
chemical processes and
environmental impacts
Bacteria Size and morphology control of ~ Genetic and metabolic engineering
the MNPs Tuning growth conditions
MNPs templating and seeding
Consistent and reproducible Real-time monitoring of critical
synthesis of MNPs across parameters, coupled with feedback
different batches control systems
Scalability Bioprocessing techniques
(bioreactor systems and
downstream processing
methodologies)
Batch-to-batch variability in Knowledge of the underlying
MNPs’ properties physiological and genetic factors
that influence the NPs’ synthesis
within bacterial cells
Regulatory considerations in MNPs’ properties, comprehensive
biomedical and environmental characterization, and biological
applications impact assessments ensure quality
control standards
Biocompatibility Understand the underlying
chemical processes and
environmental impacts
Scalability and consistency Strain selection and genetic
engineering
Yield optimization Strict control of parameters
Mechanism elucidation Advanced research
Fungi and  Downstream processing Development of in-situ techniques
yeast

Biocompatibility

Understand the underlying
chemical processes and
environmental impacts

ease of access, and richness in phytochemicals (involving both primary
and secondary metabolites). The metabolites help to reduce metal ions
into stable NPs through bioreduction. As a result, this further advocates
for better handling and eco-friendliness of plant-mediated biosynthesis
than the microorganism-mediated process because of the high-water
solubility of phytochemicals from plants. Similarly, algae are a renew-
able biomass highly reported and validated for producing MNPs. The
high phytochemical diversity extracted from algae can reduce and act as
a capping agent, avoiding high temperatures, pressures, or toxic chem-
icals. These molecules may themselves have biological properties—for
example, antibacterial, anti-inflammatory, antifungal, anticancer, and
antioxidant activities—that enhance the functionality of MNPs, hence
broadening their applicability.

During bacterial biosynthesis, metal ions are reduced via enzymes
and biomolecules produced outside the cells. These bacteria synthesize
extracellular polymeric substances, which cap MNPs, thus achieving
their stabilization and dispersibility. This natural self-stabilization pro-
vides greater biocompatibility with a simpler purification step route of
extracellular synthesis, making this method quite preferred. The versa-
tile nature of bacteria enables them to metabolize a wide range of
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substances and occupy diverse ecological niches, underlining their role
in environmental processes and biotechnological applications, including
nutrient cycling, degradation of organic matter, and nitrogen fixation.
Since it is a unicellular eukaryote non-pathogen, yeast could be suitable
for green biosynthesis in nanotechnology. Yeast enzymes can catalyse
through both routes, and the cells are unable to command their meta-
bolic machinery to work or produce MNPs. Practicality during recovery
and purification steps makes the extracellular route more convenient
and more accessible to scale up, when compared to the intracellular
route, which is more frequently associated with implementing labour-
intensive protocols. Fungal metabolic pathways enable metal NP syn-
thesis through different mechanisms: intracellular, extracellular, or cell
surface synthesis pathways. Metabolic diversity among the species of
fungi was demonstrated to affect the size, morphology, and surface
charge of NPs and, therefore, properties tailoring for specific
applications.

Although green synthesis has been focused on improved biocom-
patibility, green-synthesized NPs must undergo thorough testing for
their compatibility, toxicity, and biodistribution. Assays related to pro-
liferation and metabolic activity, apoptosis, or membrane integrity as-
sessments may provide corresponding information about the
cytotoxicity of the NPs. In this respect, mechanisms of toxicity and
interaction with biological systems must be clarified so that the devel-
opment of biocompatible nanomaterials can be sustainable. Compara-
bility studies between the MNPs synthesized in green and chemical
processes regarding their structural attributes, stability, and activities
establish a very clear case of the benefits of green synthesis in producing
MNPs.

The application of MNPs synthesized by green methods demonstrates
great potential, especially in the biomedical field. In this area, the
enhancement of biocompatibility, combined with the antimicrobial
properties of biomolecules used in synthesis, stabilization, and capping,
enables safer and more effective applications. These have already been
tested in fish hatcheries, dressings for small mammals, and in both
human and animal cells, including those of monkeys. Beyond biomedi-
cine, other promising applications exist, including their use in thermal
nanofluids. For example, zeta potential results have shown these fluids
to be more stable and less toxic for handlers, suggesting possible uses in
lubricating fluids as well. Additionally, their ability to remove water
pollutants like dyes further expands their range of applications. How-
ever, this potential is contrasted by the limited understanding of the
long-term effects of nanoparticles on humans and the environment.

In conclusion, the present review outlines the principles of green
synthesis using plants and microorganisms, representing the several
phases from the mixture of biological systems with metal ions to the
formation of MNPs with different shapes, sizes, and functionalities. It
also elaborates on recent advances in the biosynthesis processes of
various kinds of MNPs for multiple applications, together with the im-
pacts of physicochemical factors on the reaction synthesis and their
optimization. Further, it clarifies challenges and limitations in this field
while proposing strategies to overcome them and further diffuse green
synthesis methods within nanotechnology.
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