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ABSTRACT

The advancement of eco-friendly techniques for creating nanoparticles
is a crucial step in the progress of nanotechnology as a dependable,
environmentally sustainable method for producing a large variety of
biocompatible materials and nanomaterials, including metal/metal oxide
nanomaterials and nanocomposites.Therefore, green synthesis is viewed
as a crucial technique to minimize the adverse effects related to the
conventional methods of synthesis for nanoparticles that are frequently
used in laboratories and industry. We used silver nanoparticles (AgNPs) as
an example when describing the fundamentals of “ecofriendly” synthesis
approaches in this chapter due to their excellent antibacterial proper-
ties and capacity to combat pathogens that cause infections, including
gram-positive and Gram-negative bacteria as well as multidrug-resistant
pathogens. We focused on the functionality of bio- elements as reducing
agents. Additionally, covered are nanoparticle stability, photodegradation,
toxicity, and related surface engineering methods for improving biocom-
patibility. We finished by discussing antibacterial properties for use in
biomedical applications.

10.1 INTRODUCTION

The phrase “nanotechnology” refers to the fabrication of materials at the
nanoscale (between 1 and 100 nm), their formulation, modification, and
use, where these newly generated nanomaterials display novel features in
comparison to the same materials at their bulk size (Bayda et al., 2020;
Whitesides, 2005). In general, nanoparticles (NPs) can be divided into
inorganic and organic NPs. Organic NPs include carbon nanoparticles
like carbon nanotubes, fullerenes, and quantum dots, while inorganic NPs
include gold (Au), silver (Ag), copper (Cu), and other magnetic nanopar-
ticles (MNPs). Au and Ag NPs, for example, are becoming more attractive
due to their outstanding properties and practical adaptability (Khan et al.,
2017; Sanzari et al., 2019; Jabir et al., 2020; Albukhaty et al., 2020; Yazdi
et al., 2020). Nanobiotechnology provides essential tools and knowledge of
nanotechnology to detect and treatment of different diseases. These include
the application of nanoscale materials, such as biocompatible nanoparticles
in life sciences include, including medicines, biotechnology, gene, drug
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delivery, and tissue engineering (Jihad et al., 2021; Albukhaty et al., 2018,
2021; Al-Kaabi et al., 2021).

Recent advances in nanobiotechnology have drawn a lot of attention
because they address the sustainability concerns raised by traditional
synthesis techniques (Castillo-Henriquez et al., 2020).

One of the most significant metallic nanoparticles is Ag NPs, which have
elevated surface area-to-volume ratio as well as the ability to alter their
biological, physical, and chemical characteristics (Pirtarighat et al., 2019;
Akter et al., 2018; Marassi et al., 2018), so that these superior nanoparticles
have been exploited for multiple scientific types of research and different
applications such as medicine, food, industrial materials, and pharmacy
(Akter et al., 2018, Marassi et al., 2018; Kumar et al., 2018; Fortunati et al.,
2013; Tavafet al., 2017).

There are different approaches for obtaining high quantity and good
control of nanoparticles by different synthesis methods covering chemical,
physical, and biological procedures that are relevant to their use (Wu et al.,
2013; Khashan et al., 2021; Safat et al., 2021). Interestingly, biosynthesis
of Ag NPs exhibits good results, solubility, and bio-stability (Prasher et al.,
2020). Additionally, under the ideal circumstances for applied research,
these methods ensure to be rapid, low-toxic, simple to prepare, reliable, and
well-produced in terms of size and shape (Long et al., 2022; Tian et al.,
2014). Therefore, it appears that biological methods for producing Ag NPs
hold great promise. The purpose of this chapter is on recently developed
approaches for the eco-friendly synthesis of Ag NPs using different natural
elements such as herbal extracts, bacteria, and fungi and their antimicrobial
and photocatalytic activities with a proposal of their mechanism.

10.2 SILVER NANOPARTICLES SYNTHESIS

Two general methods usually have been performed to fabricate nanomate-
rials and components on a nanoscale; these approaches include the bottom-
up method, which is frequently a great option for creating uniformly sized
nanoparticles covering a uniform framework in which catalysts (enzymes and
reducing agent) synthesize and are controlled by the catalyst from molecular
components of their own. In contrast, the top-down method uses bigger
(macroscopic) starting structures that can have their geometry externally
altered when developing nanostructures (Begum et al., 2022). (Fig. 10.1a).
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FIGURE 10.1A is-asehematie diagram of the various methods for creating nanoparticles.

Various approaches are obtainable for fabricating Ag NPs including
chemical (Modan and Plaiasu, 2020; Rashid et al., 2013; Slepicka et al.,
2020), physical (Sarkar et al., 2009; Mafune et al., 2000), and biosynthesis
methodologies (Roy etal., 2019; Okaforetal., 2013). The chemical reduction,
electrochemical, irradiation-assisted chemical, and pyrolysis processes are
the main types of chemical processes for manufactured Ag NPs (Nakamura
etal.,2019). These methods include arc-discharge (Tien et al., 2008), organic
and inorganic reducing chemicals are used to reduce silver nanoparticles,
which is the most used method of synthesis (Garcia-Barrasa et al., 2011).
For the reduction of Ag" ions, a number of reducing agents could be utilized,
including hydrogen (sodium ascorbate, borohydride, and citrate), as well as
Tollens reagent. As a result of the reduction, metallic Ag ions are produced,
which then aggregate to form oligomeric clusters. Eventually, these clusters
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cause the emergence of metallic colloidal silver particles (Garcia-Barrasa et
al., 2011). To prevent AgNPs from agglomerating, stabilizing agents must
be used during AgNP synthesis (Restrepo and Villa, 2021). It is important to
remember that polymeric materials work well as protective agents to keep
nanoparticles stable (Mahendia et al., 2013; Cunha et al., 2017). The physical
methods commonly used for the production of Ag NPs are laser ablation,
ultra-sonication, microwave (MW) irradiation, evaporation-condensation,
gamma irradiation, and lithography. In these methods, NPS is integrated by
evaporation condensation using a tube heater operating at barometric weight.
The most important physical methods are laser removal and condensation
evaporation. Without the use of chemical reagents, laser ablation is one of
the most effective ways to create Ag NPs. By varying the number of laser
pulses, it is possible to regulate the particle size of colloids (Pyatenko et
al., 2004). However, this wide range of chemical, physical, or biological
techniques used to synthesize silver nanoparticles can produce AgNPs of
various sizes, homogeneity, and shape (Khodashenas and Ghorbani, 2015).
Based on their morphology and shape, silver nanostructures can be divided
into different groups (Loiseau et al., 2019). For example, cubes such as silver
nanocubes with sharp (Zhou et al., 2016), spheres as chicory-silver nano-
spheres (Khatami et al., 2018), triangles as saponin-capped silver nanotri-
angles (Debnath and Das, 2019), prisms as citrate-capped silver nanoprisms
(Haber and Sokolov, 2017), sheets as silver nanosheets using glucose and
aluminum nitrate (Chen et al., 2006), disks as silver nanodisks (Kim and
Lee, 2015), rods as tannic acid-silver nanorods (Patarroyo et al., 2016), bars
as silver nano bars (Zhang et al., 2012), wires as silver nanowires from AgCl
seeds (Puchana-Rosero et al., 2016), and flower-like (Lu et al., 2016), as
shown in Figure 10.1b.

10.3 GREEN SYNTHESIS

There are numerous physical and chemical processes now being employed
to produce nanoparticles. However, biogenic reduction of metal precur-
sors to produce equivalent NPs is more cost-effective, chemical free, and
environmentally benign for use in biological and medicinal applications.
A scientific revolution has been initiated by the utilization of biological
agents to produce silver nanoparticles because of their availability, usability,
and environmentally friendly nature. Ag NPs can be biosynthesized using
biological components including bacterial, fungal, yeast, algal, and plant
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FIGURE 10.1B Images from transmission electron microscopy (TEM) of various silver
nanoparticle morphologies and forms.
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FIGURE 10.2 Detailed generally, biological components are utilized to biosynthesize Ag
NPs.



Eco-Friendly Synthesis of Silver Nanoparticles 259

extracts (Eid et al., 2020; Vahabi et al., 2011; Shu et al., 2020; Abdel-Raouf
et al., 2019; Purohit et al., 2022; Calhan and GUndoGan, 2020; Devanesan
and AlSalhi, 2021; Xue et al., 2016), as shown in Figure 10.2.

Recent research has concentrated on the potential of biogenesis of Ag
NPs using different strains of bacteria, including Pseudomonas stutzeri
(Bachii and Abd-Al Sahib), Lactobacillus strains (Mohd Yusof et al., 2020),
Bacillus licheniformis (Tan et al., 2021), Escherichia coli (Birla et al., 2009),
Brevibacterium casei (Kalishwaralal et al., 2010), fungi including Fusarium
oxysporum (Yin et al., 2016), Ganoderma neo-japonicum Imazeki (Guruna-
than et al., 2013; Khane et al., 2022; Ali et al., 2016; Mirzaie et al., 2022),
plant. Several biomolecules, including biopolymers (Leung et al., 2010),
starch (Kumar et al., 2014), fibrinolytic enzyme (Deepak et al., 2011), and
amino acids (Shankar and Rhim, 2015), were also used, as schematically
illustrated in Figure 10.3, which depicts the methodology for producing silver
nanoparticles using a variety of biological components. According to recent
research, three general factors must be considered in green synthesis: the
solvent medium, eco-friendly reducing reagents, and nanoparticle stabilizer
(Peralta-Videa et al., 2016). Green synthesis may be superior to traditional
synthesis because the ZnO NPs manufactured seem pure and devoid of nasty
chemicals, be pure and devoid of nasty chemicals, thereby making them
suitable for biological, therapeutic approaches, and pharmaceutical purposes
(Gur et al., 2022; Abdelmigid et al., 2022). Several other researchers use
plant extracts or bacterial proteins as reductants to manipulate nanoparticle
size, shape, and monodispersity (Rajeshkumar and Bharath, 2017).

The generated nanoparticles are rapidly water-soluble, high density and
stable, of which are extra benefits of green fabrication techniques (Karagoly
et al., 2022).

AgNPs’ biological activity is determined by their morphology and struc-
ture, which in turn is determined by the particles’ sizes and shapes (Raza et
al., 2016; Alshareef et al., 2017). AgNPs synthesized from algae, and bacte-
rial sources have a size range of 100 nm or more, whereas AgNPs synthe-
sized from algae, algal plants, pteridophytes, gymnosperms, and biopolymer
sources have a size range of less than 50 nm. Instead of using plant extracts,
the authors of'this study used microorganisms and bio-polymers to synthesize
AgNP, and they agitated the reaction mixture constantly to prevent agglom-
eration. In some cases, the production of nanoparticles can be sped up by
mechanically agitating the reaction mixture. Aging, the synthesized AgNP
solution morphed the nanospheres into flower-like frameworks (Table 10.1).
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FIGURE 10.3 A schematic illustration of the method for producing silver nanoparticles in a
sustainable manner using different biological entities.

When comparing different nanoparticles, those with smaller sizes and
truncated-triangular shapes appear to be the most effective. Many studies
have been able to synthesize AgNPs in a variety of shapes and sizes, but
there are still some restrictions. For the synthesis of monodisperse and
uniformly sized silver colloids, an abundance of a potent reducing agent like
sodium borohydride (NaBH,) was used to enhance the efficiency of production
when it comes to morphology and structure (Hong and Lee, 2018). By optimizing
the synthesis methods—including the number of byproducts, temp, pH, and
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the quantity of limiting and stabilizing factors—biological processes make
it easier to control the shape, size, and dispersion of the generated nanopar-
ticles (Uzair et al., 2020; Tiburu et al., 2017).

10.4 CHARACTERIZATION

The behavior, bio-distribution, safety, and effectiveness of nanoparticles are
largely dependent on their physicochemical qualities. In order to assess the
functional characteristics of the produced nanoparticles, it is crucial to char-
acterize AgNPs. According to Shin et al. (2015) size distribution, electro-
statics, surface area, general form, and aggregation are a few physiochemical
characteristics that may have a significant effect on the physiological inter-
actions between nanomaterials and their intended biological targets.

The identification of AgNPs is thus considered a critical factor in
assessing the performance properties of the related synthesized particles.
The physiological interactions that take place between nanomaterials and
their respected biological targets may be significantly impacted by specific
physiochemical properties, such as particles size, electrostatics, surface area,
particular shape, and aggregation, according to a study by Shin et al. (2015).
Numerous analytical techniques, such as UV, FTIR, X-RD, XPS, DLS,
SEM, TEM, and AFM analysis, have been used to characterize the materials
(Gurunathan et al., 2015).

The ideas and use of several analytical techniques for the characterization
of AgNPs have been discussed in a number of reputable books and reviews;
however, the fundamentals of the key approaches are summarized below
for clarity, optimization of the synthesis processes, taking into account the
quantity of precursors, temperature, pH, and reducing and stabilizing agents
used (Zhang et al., 2016).

10.4.1 UV-VISIBLE SPECTROSCOPY

An essential and effective technique for the comprehensive categoriza-
tion of synthesized nanoparticles is UV-vis spectroscopy. It is also used to
examine AgNPs’ stability and manufacturing process (Ajitha et al., 2018;
Fayaz et al., 2010). Due to the distinct optical characteristics of AgNPs, they
strongly interact with specific light wavelengths (Ren et al., 2020). Also,
UV-vis spectroscopy is said to be quick, easy, and simple to use. It is quick to
measure different types of NPs and is both sensitive and selective for them.
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Additionally, colloidal suspension particle characterization does not require
calibration (Reddy et al., 2019).

According to the reports, since the valence band and conduction band
are so close together in AgNPs, electrons can move freely between them. An
SPR absorption band is formed when the electrons of silver nanoparticles
collectively oscillate in resonance with the light wave, which is caused by
the free electrons discussed here (Das et al., 2010).

The chemical environment, particle size, and dielectric medium all play a
role in the absorption of AgNPs (Fayaz et al., 2010; Reddy et al., 2019). This
peak, attributed to a surface plasmon, has been observed for a wide range
of metal nanoparticles, from 2 nm to 100 nm (Salem et al., 2020). Further-
more, using UV-vis spectroscopy, an SPR peak at the same wavelength was
identified, and the stability of AgNPs extracted via biological methods was
established for more than a year.

10.4.2 X-RAY DIFFRACTION (XRD)

Depending on the constituent amount’s intensity, there may be an increase
or decrease. With information on unit cell size and shape derived from peak
positions and information on electron density within the unit cell or atomic
placement derived from peak intensities, this method has been used to repre-
sent the metallic nature of particles (Bunaciu et al., 2015; Thakar et al., 2022;
Heera and Shanmugam, 2015).

10.4.3 DYNAMIC LIGHT SCATTERING (DLS)

The emotional light scattering technique (DLS) is used to measure the size
of nanoparticles in suspensions and to determine the degree to which they
have aggregated.

10.5 MECHANISM OF GREEN SYNTHESIS OF SILVER
NANOPARTICLE AND SURFACE MODIFICATION

Lessening, stabilizing, and capping agents available through chemical
methods are more limited in scope. Many plethoras of biological and eco-
friendly AgNP synthesis techniques have been discovered through recent
literature searches and experiments (Kaabipour and Hemmati, 2021).
Researchers have used green, cost-effective, and environmentally friendly
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methods for the establishment of sustainable silver nanoparticles (Kumar
et al., 2016; Bhardwaj et al., 2020), including microbial-taken compounds
from (bacteria, fungi, yeasts, and actinomycetes) (Kiran et al., 2014; Daphne
et al., 2018; Srivastava et al., 2019; Bayram et al., 2018; Abdel-Raouf et al.,
2019) and also using microbial-taken combinations from (bacteria, fungi,
yeasts, and actinomycetes) (Rajeshkumar and Bharath, 2017; Ranoszek-
Soliwoda et al., 2019). In light of this, it is clear that biological agents in this
approach represent a wide range of reagents that restore chemical reagents
and incorporate the use of bioactive compounds like alkaloids, phenolic
compounds, terpinoids, enzymes, proteins, sugars, saccharides, and vitamins
(Mukherjee et al., 2018; May and Oluwafemi, 2016; Nadagouda et al., 2008)
that are thought to show promise in the reduction and stabilization of metal
salts into nanoparticles that in turn act as reducing agents.

Furthermore, this biogenic technique is classified under bottom-up
synthesis methods (Rafique et al., 2017) one-step procedure, and this method
appears to be more atomically efficient since it does not need the protection/
deprotection steps often employed in organic synthesis in order to construct
particles (Albrechtand Evans, 2006). Follow the principles of green chemistry
by using less energy for synthesis by operating at near-ambient temperature,
pressure, and pH (Parveen et al., 2016). This method can improve nanopar-
ticles in a number of ways, including crystallinity, stability, size, and shape.
Biomolecules (large macromolecules like proteins, polysaccharides, lipids,
and nucleic acids, and small natural molecules like primary and secondary
metabolites) produced by living organisms can convert the positive oxida-
tion state of silver ion Ag® into the zero oxidation state of atoms Ag® and
form the nanosilver particles in the biosynthesis of colloidal dispersions of
AgNPs (Mittal et al., 2013).

In one of the studies reported by Liu and Hurt (2010), it was demon-
strated that when AgNPs were exposed to the aquatic environment, silver
ions would be released, decreasing the stability of the AgNPs. Additionally,
Lee et al. (2012) hypothesized that first-order kinetics controls the release
of Ag ions. When assessing these synthesized NPs, it is important to take
into account a number of variables that impact the release rates of Ag ions.
These variables primarily include particle size, and environmental variables
including pH, temperature, time, radiation, and dissolved oxygen (Zhang et
al., 2011; Liu et al., 2010) and capping agents (Ortega-Arroyo et al., 2013).

However, in most cases, the bioreduction of silver ions to create silver
nanocrust by bio compounds derived from a biological source of plant or
organism is rarely achieved.
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Generally, Flavonoids, membrane proteins, NAD (P)" reductases, dehy-
drogenases, citric acid, polyphenols, and secondary metabolites are examples
of reducing agents (Karatoprak et al., 2017), whereas extracellular proteins,
enzymes, peptides, and tannic acids are examples of capping agents (Akhtar
et al., 2013). However, there have been no published results on the identi-
fication of proteins involved in plant-mediated AgNPs production. Earlier
research by de Barros et al. (2018) on protein role in the synthesis of AgNPs
by fungus was elucidated; it involves nitrogen and sulfur containing groups.

10.6 MICROBIAL-MEDIATED SYNTHESIS OF AGNPS

Microorganisms’ ability to synthesize metal nanoparticles is being considered
a potential biological source. There are two distinct steps involved in creating
AgNPs by microbes: intracellular formulation and extracellular fabrication
(Roy etal., 2019). Methods that use enzymes and other biomolecules already
present in microbial cells to convert Ag ions to NPs are called “intracellular”
(Rana et al., 2020), and the concentration of Ag inside the cell leads to the
nucleation of the formed AgNPs. This process is carried out continuously
as the microorganisms proliferate. The living cells are extracted once the
cells have grown to their maximum potential. Additionally, unique handling
techniques are used to release the manufactured NPs from the retrieved cells
(Roy et al., 2019). However, not all species have been shown to have the
capability to transform metals into their nano forms.

Both an intracellular and an extracellular method exist for the microbial
production of silver nanoparticles (Das et al., 2014). Intracellular silver
buildup initiates silver nanoparticle production and furthers microbial devel-
opment. Upon completion of the optimal period for bacterial development,
nanoparticles containing viable cells are extracted.

Therefore, the generated nanoparticles need to be released from the
collected cells in a certain way. Bacterial populations’ extracellular secre-
tions are extracted and employed as raw materials in the extracellular manu-
facturing process. In general, microorganisms are resistant to silver ions and
efficient producers of AgNPs. It is hypothesized that the extracts’ biomo-
lecular mixtures (including enzymes/proteins, amino acids, polysaccharides,
vitamins, etc.) are responsible for the reduction of Ag* ions. However, the
precise process is not yet known. The bacterial strain Streptomyces sp. LK3
was used by Karthik et al. (2014) to show that AgNPs may be synthesized
outside of cells. During the synthesis process the reduction of nitrate to nitrite
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can be performed by nitrate reductase. Generally, the presence of the enzyme
nitrate reductase is the cornerstone of the widely accepted process to explain
the mechanism of biogenic mediated silver nanoparticle (Ahmed and Ikram,
2016; Roy et al., 2013; Kalimuthu et al., 2008), as illustrated in Fig. 10.4.

Nitrate (NO,?) is changed into nitrite (NO,?) by the enzyme. After the
nitrate ion (NO,) is reduced to nitrate (NO,), the silver ion (Ag") receives
the electron and is then reduced to metallic silver (Ag°). Producing silver
nanoparticles using pure nitrate reductase from the fungus F. oxysporum
(Kumar et al., 2007) provided a clear proof of this. The reduction of Ag"
to Ag® can also occur in the absence of nitrate reductase due to functional
groups on the bacterial cell wall (Kalimuthu et al., 2008).

When compared to bacteria, the high concentration of enzymes, proteins,
and reducing components on the cell surface of fungus makes them a superior
choice for the creation of nanoparticles. Fungal systems contain enzymes
(such as naphthoquinones and anthraquinones) that can reduce Ag™ that has
been trapped on cell surfaces by the fungi (Kumar et al., 2007; Slawson
et al., 1992; Mukherjee et al., 2001). The synthesis of AgNPs using yeast
was unsuccessful. Nonetheless, there are very few reports to be found. It
is believed that the combinational impact of bio-molecules in the extract is
responsible for the formation of silver nanoparticles. Algae are no exception
to this rule. In the presence of enzymes, actinomycetes are able to manu-
facture silver nanoparticles. It is believed that intracellular interactions lead
to metal ion reduction (Mukherjee et al., 2001; Narayanan and Sakthivel,
2011).

10.7 PLANT-MEDIATED SYNTHESIS OF AGNPS

Plant extracts are favored over microbial creation of nanoparticles because
of their low synthesis rate, rapidity, high efficiency, and viability. Synthesis
of AgNPs from plant extract is likely to occur by an enzymatic process, the
same to that used by microbes. Due to the presence of a complex of diverse
antioxidant metabolites in plant cells that prevent oxidation and damage
to biological components (Jain et al., 2021; Al-Musawi et al., 2022), the
chemicals used for the stabilization and final capping of the nanoparticles
must be distinct from those used for microbes. This means that biomolecules
including enzymes, glycosides, and saponins can help stabilize the nanopar-
ticle (Shang et al., 2019; Tripathi et al., 2013). Literature suggests that when
metal salts are added to a herb extract, silver ions bind to water-soluble
chemicals through --OH and --COOH groups.
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This causes structural reforms in the protein complex that make it easier
for the metal ion to change into a silver nanoparticle (Huang et al., 2015;
Mikhailova, 2020). Proteins contribute to the reduction of silver and the
production of AgNPs through their amino groups and cysteine residues
(Kasithevar et al., 2017). Silver nanoparticles can be formed with the help of
“capping” agents such as alkanes, amines, phenols, polyphenols, alkaloids,
lignans, terpenoids, and flavonoids (Mandal et al., 2005; Elavazhagan and
Arunachalam, 2011). Because of their potent antioxidant action, flavonoids
are of special importance here. Nanoparticles are colloid-stable in water due
to the hydrophilic functional groups of surrounding molecules (Ebrahimine-
zhad et al., 2017). Garlic extract’s sucrose and fructose are very fascinating
since they function as reducing and stabilizing chemicals (Von White et al.,
2012). Additionally, polyols are in charge of the mechanism that converts
Ag" into silver nanoparticles (Ghosh et al., 2012). Terpenoids, which are
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surface-active substances, are anticipated to adsorb on the surface of AgNPs
to stabilize the nanoparticles and stop AgNPs from clumping together
(Parlinska-Wojtan et al., 2016). One way that terpenoids might help turn Ag"
ions into Ag0 nanoparticles is by changing the C--O group of the terpenes
into the --C--O group (Shankar et al., 2004).

It is thought that terpenoids help reduce metal ions by turning aldehydic
groups in their molecules into carboxylic acids (Mahendia et al., 2013).

Lietal. (2007) have said that Capsicum annuum extract can be used to make
AgNPs. Research has shown that to understand how AgNPs grow, you need to
know how recognition-reduction-limited nucleation is related to growth. The
first step in the recognition process was for proteins in the C. annuum extract
and Ag ions to interact electrostatically. Extract proteins then reduce the number
of Ag ions. This makes silver nuclei, which change the structure of proteins in
a second step. Also, these nuclei grew because silver ions were taken away and
then more atoms were added. By Ostwald ripening, the polycrystalline phase
changed into the single crystalline phase as the AgNPs aged for longer (Jain
et al., 2021). This made the AgNPs bigger. Bar et al. (2009) report that the
Jatropha curcas seed extract can be used to make green silver NPs. As a result,
it was found that curcain, which is an enzyme, curcacycline A, which is a cyclic
octapeptide, and curcacycline B, which is a cyclic nonapeptide, could be used
as reducing and capping agents. Characterized by XRD, UV-Vis, and TEM
spectroscopy, AgNPs were found to have two different distributions: some
spherical particles with a diameter of 20-40 nm and other irregular particles
that were bigger. Further research showed that the enzyme curcain stabilized
the larger NPs, while the cavities in the cyclic peptides stabilized the smaller
ones (curcacycline A and curcacycline B). There is evidence that supports that
carbonyl groups in amino acid residues or protein peptides are the ones responsible for
presenting high affinity for metals (Lin et al., 2005).

Therefore, the protein can act as an encapsulating agent and preserve the
NPs by inhibiting their aggregation. The cyclic protein curcacycline A or
curcacycline B was thought to have first trapped the Ag ions in their core
structure. Under the right processing circumstances, the amide groups of the
host peptide reduced and stabilized AgNPs in situ. It was thought that the
cyclic peptide cavity supported the smaller AgNPs since the radius of the
majority of the generated AgNPs was equivalent to its cavity, but the enzyme
curcain’s massive, folded protein structure was thought to stabilize the irregu-
larly sized AgNPs. The AgNPs produced by curcain latex was also shown to
be stable even after one month, according to studies (Jain et al., 2021; Jain et
al., 2021). According to the proposed mechanism of biosynthesized AgNPs
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using the Phyllanthus amarus leaf extract by Ajitha et al. (2018), the leaf
extract itself served as a capping and reducing agent, significantly affecting
the nanoparticles’ size and form as illustrated in Fig. 10.5.

This mechanism suggests that the antioxidant phytochemicals of the leaf
extract reduced the positively charged metal ions (Ag” ions) to a neutral
state (Ag’ atoms) and to small Ag’ particles by electron donation to the ions
with the help of the bioreducing agents in the first stage. The Ag0 atoms
then expanded into petal shapes, which, with the help of bio-capping agents,
coalesced into nanostructures resembling flowers. It is usual for reduced
metals to undergo nucleation and cluster formation, with the resulting
clusters assembling into particles that are stabilized by complexing with or
making electrostatic interactions with oxygen-containing groups like --COO
and --OH (Wu et al., 2014), The phytochemicals that caused the AgNPs to
form also stopped them from further aggregating, in accordance with our
suggested mechanism, by coating them and providing capping agents rich in
electron-rich hydroxyl groups onto the particles.

~ Flavonoids

Phytochemicals| o
» Ellagitannins

) 835
' Cluster
— _

Metal Ag’atoms  Formation
reduction

AgNo;

Stabilization

Polyphenolic
compounds

Flower-shaped AgNPs

FIGURE. 10.5 Mechanism of flower-shaped AgNPs production using Phyllanthus amarus
leaf extract.
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To produce efficient engineered nanoparticles a deeper comprehension of
nanoparticle structure is required. There are three main parts to a nanoparticle’s
structure: the core, the shell, and the surface (Christian et al., 2008). Different
techniques, reaction conditions, and precursors can be used to synthesize the
nanoparticle’s core, while a shell can be added if required. However, when a
single salt is used to create a nanoparticle, the shell and core often both consist
of the same substance. The last and maybe most important consideration is
the surface, which can be considered functional in several ways depending
on the setting. The goal should be either to keep nanoparticles from clumping
together or to endow them with a distinct role. The functionalization of the
nanoparticle surface is the result of temporary van der Waals interactions
between the chemicals and the nanoparticle surface (Roy et al., 2019).

Biological molecules operate as an in situ reducing and capping agent
during green nanoparticle formation, reducing metal salts and covering the
formed nanoparticles. This capping has advantages over others because (i) it
stops the nanoparticles from aggregating together, (ii) it lessens the toxicity,
and (iii) it boosts the antimicrobial effect (Roy et al., 2019).

The dose of biochemical reagents found in the extract has a consider-
able impact on the size and size distribution of the metallic nanoparticles as
summarized in Table 10.2. Fast reaction rates and favorable conditions for
the creation of smaller nanoparticles are made possible due to the presence of
a powerful reductant in the concentrate. If the biomolecules quickly remove
the salt, resulting in the constant generation of new nuclei or secondary
nuclei, then the size distribution will be quite narrow. As a backup strategy,
biomolecules can build a monolayer on the nanoparticle surface to inhibit
aggregation (Restrepo and Villa, 2021). In contrast, recent studies about
antibiotic-mediated production of nanoparticles highlight the importance
of surface functionalization with antibiotics increases their biocidal action
(Rai et al., 2010). Since extract-mediated nanoparticles have biomolecules
attached to their surfaces, their antibacterial activity is greatly increased.

It has been suggested that “capping” agents can alter the relative surface
area of a nanocrystal by attaching selectively to distinct types of facets with
differing surface free energy (Xia et al., 2015). Thus, nanoparticle “capping”
can serve several purposes, including preventing nanoparticle agglomeration,
lessening toxicity, and boosting antibacterial characteristics. Furthermore,
these compounds can increase the affiliation probability and activity of AgNPs
on the bacterial cells (Roy et al., 2019; El-Rafie et al., 2011). Interestingly,
the “capping” compounds found in plants often have their own antibacterial
action, which can boost the efficacy of AgNPs (Mikhailova, 2020).
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10.8 ANTIBACTERIAL ACTIVITY OF AGNPS

Silver nanostructures have proven remarkable potential in several industrial,
environmental (Kaabipour and Hemmati, 2021), and medicinal applications
(Wei et al., 2015). Silver’s antibacterial properties, found via experimenta-
tion in the ancient world, perhaps contributed to its widespread usage in
eating and drinking utensils made of silver (Srikar et al., 2016). It was gener-
ally accepted that the silver was employed in aqueous solutions, coins, and
plates for aseptic and antibacterial purposes, and to preserve food and dairy
articles until the 19th century because it kept them fresh longer than other
containers (Kremer et al., 1996). The synthesis or modification of antimi-
crobial compounds, as well as alternative therapeutics, is required due to the
dramatic growth in microbial infections and the quick development in drug
resistance to existing antibiotics (Shankar and Rhim, 2017). In vitro studies
indicate that silver nanoparticles (AgNPs) are effective antibacterial agents
that can circumvent bacterial resistance to conventional antibiotics. As a
result, the creation of AgNPs as antibacterial agents is considered neces-
sary. The high surface-to-volume ratio and crystalline surface structure of
AgNPs suggest they may be effective antibacterial agents, making them
one of the many promising nanomaterials. The buildup of AgNPs in the cell
wall and the creation of “pits” in the bacterial cell walls, ultimately leading
to cell death, were observed in the seminal study reported by Sondi and
Salopek-Sondi (2004), proving the antibacterial action of AgNPs against E.
coli. Antibacterial activity against the same E. coli strainpathoginic bacteria
was enhanced when the particles were smaller and had a higher surface-to-
volume ratio (Baker et al., 2005).

Furthermore, antimicrobial activity of AgNPs is also influenced by the size
and shape of the particle (Bistarelli et al., 2018). Bactericidal action against
Gram-positive and Gram-negative bacteria, including extremely multi-resis-
tant strains like methicillin-resistant S. aureus, was demonstrated by AgNPs
manufactured by four distinct kinds of saccharides with an average size of
25 nm. As mentioned previously, the size is not the sole factor in determining
efficacy but AgNPs also interact with the Gram-negative bacterium E. coli in
a way that is shape-dependent (Raza et al., 2016). Additional research was
conducted to examine the effectiveness of AgNPs as an antibacterial agent
against yeast, £. coli, and S. aureus. Complete growth suppression was seen
in yeast and E. coli at low doses of AgNPs, but S. aureus was very slightly
affected (Chouhan and Guleria, 2020).

The effectiveness of different antibiotics, including penicillin G, amoxi-
cillin, erythromycin, clindamycin, and vancomycin against S. aureus and
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E. coli, was found to be enhanced in the presence of biologically produced
AgNPs from the culture supernatants of K. pneumoniae (Jijie et al., 2017).

Silver nanoparticles (AgNPs) are effective against E. coli, but hydrogel-
AgNP nanocomposites are more effective. Chitosan-Ag-nanoparticle
composite was confirmed to have more potent antibacterial activity than its
components at their respective concentrations (Sanpui et al., 2008).

This is likely due to the fact that one-pot synthesis encourages the
creation of tiny AgNPs connected to the polymer, which can be dispersed in
fluids of pH 6.3. When AgNPs were biologically produced using S. aureus
culture supernatants, they showed significant antimicrobial activity against
methicillin-resistant S. aureus, methicillin-resistant S. epidermidis, and
Streptococcus pyogenes (Thomas et al., 2014), but only moderate antimicro-
bial activity against S. fyphi and K. pneumoniae. In E. coli, the leakage of
reducing sugars and proteins revealed the mechanisms of AgNP-induced cell
death. Furthermore, AgNPs can damage bacterial cell membrane structure
by destroying its permeability by forming numerous pits and holes in its
surface (Vazquez-Muiioz et al., 2019). The silver nanocrystalline chlorhexi-
dine (AgCHX) complex was highly effective against Gram-positive/negative
bacteria and methicillin-resistant S. aureus (MRSA). It was found that the
MICs of nanocrystalline Ag (III) CHX were significantly lower than those
of the ligand (CHX), silver nitrate (AgNO,), and gold (Au (III)). Several
applications of silver nanoparticles (AgNPs) are depicted in Figure 10.6.

Nanoparticles immobilized on an amine-functionalized silica surface
are more effective than colloidal AgNPs and have a higher concentration
of silver ions in solution, as reported by Agnihotri et al. (2013). Silver/
polyrhodanine-decorated silica nanoparticles form a nanocomposite that
shows promising and improved antibacterial activity against £. coli and S.
aureus (Song et al., 2013). In addition, the physical and surface properties
of silver were tested against S. aureus, B. megaterium, P. vulgaris, and S.
sonnei (Khurana et al., 2014). Particles with a hydrodynamic size of 59 nm
were found to be more effective against bacteria than particles with a size of
83 nm. Gurunathan et al. (2013) also showed that antibiotics’ antibacterial
and anti-biofilm action was effective against significant pathogens like P,
aeruginosa, Shigella flexneri, S. aureus, and S. pneumoniae.

These results suggest that at the lowest concentrations of antibiotics
and AgNPs, the combination has significant antibacterial and anti-biofilm
effects. Nanocomposite spheres composed of AgNPs coated on polymer
colloids demonstrated impressive antibacterial activity (Chen et al., 2014;
Jain et al., 2021).
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Much attention has recently been paid to graphene and silver nanoparticle
(AgNPs) nanocomposites killing bacteria. Compared to AgNPs, the graphene
oxide (GO)-Ag nanocomposite was much more effective at killing E. coli
bacteria than AgNPs. Based on the results of a study, scientists thought that
silver nanoparticles might kill bacteria. AgNPs can release Ag” ions that can
stick to the walls and membranes of bacterial cells and even get into the
cytoplasm. Antimicrobial activity is caused by the reactive oxygen species
(ROS) made inside the cell by Ag+ ions.

This causes a chain of events: (1) DNA synthesis is stopped, (2) mRNA
synthesis is stopped, (3) the cell is destroyed, and the cell contents leak
out, (4) protein synthesis is stopped, (5) cell-wall synthesis is stopped, (6)
mitochondria are damaged, and (7) the electron transport chain is stopped.
When all of these things happen, cells die. It has been shown that AgNPs are
antimicrobial on their own, in addition to releasing silver ions.
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FIGURE 10.6 The suggested mechanism of antibacterial activity of silver nanoparticles’
on bacterial cells.
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Numerous studies, including those using a wide variety of plant extracts,
suggest that AgNPs may physically interact with the cell surfaces of various
bacteria. The biological effects of AgNP occur through several different path-
ways. Intracellular adhesion, penetration, and disruption of organelles and
biomolecules (Dakal et al., 2016), as well as oxidative stress, are essential
regulators of many bacterial functions. AgNPs were found attached to and
deposited on the cell surface of bacteria, especially Gram-negative bacteria.
AgNPs can enter Gram-negative bacteria cells through a water-filled channel
called a porin in the outer membrane. The primary role of porins is the passive
transport across the membrane of hydrophilic molecules of varying sizes and
charges. Because silver ions are less likely to penetrate the thicker cell wall
of Gram-positive bacteria, their action from AgNPs is more pronounced in
Gram-negative bacteria (Chauhan et al., 2016). Since the negative charge
of lipopolysaccharides encourages AgNP adherence, it is likely that they
also strengthen the cell walls of Gram-negative bacteria, making them more
vulnerable to silver nanoparticles (Pal et al., 2007). Some studies have
suggested that the ability of silver nanoparticles to adhere to the bacterial
cell wall is due to an electrostatic interaction between the positively charged
silver ions and the negatively charged surface of the cell membrane caused
by the carboxyl, phosphate, and amino groups in the cell wall. Because of
their electrostatic attraction to one another, silver nanoparticles can cross
the cell membrane and alter its molecular composition and permeability.
This causes the proton motive force (PMF) to dissipate and the membrane to
degrade (Netala et al., 2015; Rashid et al., 2017).

AgNPs could also be used as a way to get more Ag+ into bacterial cells.
The proton motive force would lower the pH of the environment, which
would cause more Ag™ to be released (Ovais et al., 2016; McQuillan et al.,
2012). Also, it is thought that when silver nanoparticles come in contact
with bacteria, they make free radicals that damage the cell membrane and
make it porous (Mikhailova, 2020). Some researchers say that AgNPs can
damage DNA while inside a bacterial cell because they stick to the surface
of bacteria and change the way their membranes work (Rajeshkumar and
Bharath, 2017; Rajeshkumar and Bharath, 2017). For example, the review
by MaQuillan et al. (2012) shows that the main way silver nanoparticles
work is by breaking down cell membranes. Also, as the silver nanoparticles
break down, silver ions that kill bacteria are released. These silver ions can
interact with proteins in the cell wall that contain thiols and change how they
work. When nanoparticles of silver attach to proteins and come in contact
with the outer membrane, they can form complexes with electronic donors
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like oxygen, phosphorus, nitrogen, or sulfur. The most detailed explanation
of how thiol groups work is found in the literature. Silver nanoparticles stop
enzymes and proteins that are bound to a membrane from working because
they break disulfide bonds and block active sites (Caki¢ et al., 2016).

Reports say that AgNPs may change the ratio of trans to cis unsaturated
fatty acids in membranes. This could change how fluid the membrane is and
how the lipid bilayer is made. It could cause changes to the structure of the
membrane that stop it from working, making the membrane more permeable
and weakening its integrity (Mikhailova, 2020).

AgNP accumulation on the cellular membranes results in problems
with bilayer integrity and fissures, and AgNP penetration into the cell and
interactions with vital proteins induce cell death. Ag ions have the potential
to interact with thiol groups and the disulfide bonds of cellular metabolism
enzymes, inactivating them and resulting in oxidative stress in microorgan-
isms (Rashid et al., 2017; McQuillan et al., 2012). Thus, the antibacterial
impact of nanoparticles interacting with P. aeruginosa’s cell membrane and
generating ROS was evaluated (Yan et al., 2018). ROS oxidizes fatty acid
double bonds in the membrane, generating free radicals that damage the cell
membrane (Gamboa et al., 2019).

According to the discussion by Mikhailova (2020), the AgNPs were
shown to have a catalytic activity to generate disulfide connections between
oxygen molecules in cells and hydrogen atoms in thiol groups. Disulfide
bonds, which silver catalyzes the creation of, alter the shape and structure
of enzymes in cells and hence their function. Cells exposed to a 900 ppb
Ag" solution showed changes in the expression of several proteins and
enzymes, including 30S ribosomal subunit, succinyl coenzyme A synthetase,
maltose transporter (MalK), and fructose bisphosphate aldolase. By forming
a complex with the 30S ribosomal subunit, silver ions inactivate the ribo-
some complex and halt protein synthesis. The influence of Ag NPs on on
ribosomal, transcriptional, and translation processes leads to the production
of unfinished, membrane-forming precursor proteins, which ultimately leads
to cell death. Disruption of cellular metabolism is caused by AgNPs because
of their effect on succinyl coenzyme-a-synthetase, an enzyme critical to the
tricarboxylic acid cycle (Rai et al., 2012).

Interruptions of bacterial RNA transcription as well as purines, pyrimi-
dines, and fatty acids were related to the bactericidal effects of AgNPs. Silver
nanoparticles induce oxidative stress by suppressing a wide range of cellular
metabolic processes; this includes impeding nutrient uptake, altering gene
expression, disrupting ATP production, and preventing cytochrome oxidase
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and NADH-succinate dehydrogenase from doing their jobs in the microbial
respiratory chain. When AgNPs come into contact with DNA in a cell, it
can cause replication errors (Bao et al., 2015). Ag" ion was discovered to
form complexes with nucleic acids, which were then shown to disrupt the
H-bonds between antiparallel base pairs.

AgNPs can also cause a change in the state of DNA molecules, from
relaxed to compact, which reduces their capacity to replicate. Intercalation
of AgNPs into the DNA helix has been shown to inhibit the transcription
process in microorganisms (Morones et al., 2005). The phosphorylation cycle
and the dephosphorylation cascade represent the relaying signal pathway
needed for microbial activity and cellular function in microbial cells.

10.9 CONCLUSION

Over the past ten years, there has been a lot of interest in the biosynthesis of
nanoparticles using reducing agents sourced from biological sources such
plants, plant extracts, and microorganisms. The employment of no harmful
or destructive components makes the green synthesis of NPs extremely cost-
effective and a potential solution to the issue of antibiotic-resistant bacteria.
When trying to create better treatments for bacterial infections, knowing
how an antibacterial system works is a crucial first step. In general, nanopar-
ticles have proven to be an effective replacement for antibiotic therapy and
combinational therapy due to their astounding potential to address the issue
of antibiotic-resistant microorganisms. In conclusion, AgNPs are a product
with potential medical and hygiene applications, and their environmentally
friendly synthesis can pave the way for these uses.
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