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Introduction

As the most dynamic area of research in materials science, at present nanotechnology, is receiving massive interest
regarding the synthesis and characterization of nanomaterials for their application in numerous fields, such as pharma-
ceuticals, catalysis, sensors, electrochemistry, biomedicines, cosmetics, food technology, etc (Bera, 2016; Frewer et al.,
2014; Sarsar et al., 2013; Velez et al., 2017). Taking into account a particular size (<100 nm) and morphology-based
characteristics, nanoparticles (NPs) are excellent molecular or atomic solid particles with novel or enhanced properties
as compared to bulk molecules (Jahn, 1999; Stadler et al., 2019). NPs can be classified as inorganic or organic. For
example, metallic NPs (Cu, Au, Ag, Al, etc.), semiconductor nanoparticles (CdS, ZnO, ZnS, etc.), and magnetic NPs (Co,
Fe, Ni, etc.) are inorganic NPs while carbon NPs (like carbon nanotubes, fullerenes, quantum dots, etc.) are the organic
NPs (Rafique et al., 2017). Presently, there is a wide and increasing industrial utilization of modified or fabricated NPs,
such as in cosmetics, electronics, textiles, nano-based imaging, and drugs (Tortorella et al., 2014). At the start of the 20th
century, the conventional chemical and physical approaches (Chemical reduction, milling, etc.) of the synthesis of NPs
were costly and toxic to the environment (Ahmed et al., 2016; Vijayan et al., 2016). Therefore, aqueous plant extract and
microbes-based bio-inspired technologies for the synthesis of metallic nanoparticles gradually became a major stream in
the area of nanomaterial and nanotechnology research (Mohanpuria et al., 2008; Pathak et al., 2019). Till now, stable, cost-
effective, environment-friendly, clinically adaptable, and bio-compatible NPs are being synthesized using diverse plant
extracts and microbes (Ahmed and Ikram, 2016; Vanlalveni et al., 2021).

Among metal NPs, silver NPs (Ag-NPs) are receiving enormous interest among the scientific community due to their
morphology-based wider application in cell biology, microbiology, food technology, pharmacology, chemistry, parasi-
tology, etc (Bondarenko et al., 2013; Nour et al., 2019). NPs are synthesized by two common approaches: “top-down” and
“bottom-up.” Different techniques such as pulse laser ablation, ball-milling, evaporation—condensation (most commonly
used), pulse wire discharge method, etc., are used in “top-down” approach by splitting proper bulk material into fine
particles (by size reduction) (Rafique et al., 2017). In bottom-up approach, synthesis of NPs is achieved through a chemical
method, i.e., mostly use general method and biological method by self-assembly phenomenon of atoms into new nuclei
that grow into a nano-sized particle (Chitsazi et al., 2016). For the reduction of Ag ions, various inorganic and organic
reducing agents are used in non-aqueous or non-aqueous solutions, such as sodium ascorbate, sodium borohydride
(NaBH4), N,N-dimethylformamide (DMF), citrate, poly-ethylene glycol block copolymers, Tollen’s reagent, and essential
hydrogen (Thombre et al., 2013).

Size stabilization of NPs is carried out by the additional use of capping agents which has one of the greatest ad-
vantages of synthesizing a considerable amount of NPs in a very short duration (Rafique et al., 2017). In this sort of
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chemical synthesis process, the used chemicals are generally toxic, impel non—eco-friendly byproducts which are the
reasons that lead to the green-route biosynthesis of NPs without no longer use of toxic chemicals (Rafique et al., 2017).
Therefore, the process development of green and eco-friendly synthesis of Ag-NPs is progressing as a main branch of
nanotechnology where the application of biological entities such as plant extracts or plant biomass and microorganisms
could be a substitute for chemical and physical methods (Rafique et al., 2017). The benefits of green synthesis, over
physical and chemical methods, are that is environment friendly, cost-effective, and easy for large-scaled synthesis
without high temperature, pressure, energy, and, harmful chemicals (Ahmed et al., 2016). Therefore, this chapter de-
scribes the green-route synthesis of Ag-NPs and their applications that have comparative advantages over conventional
chemical and physical methods.

Conventional and green methods of nanoparticles synthesis
Physical methods

Mostly, evaporation-condensation and laser ablation are the important physical approaches (Table 1.1). The prepared thin
films without solvent contamination and the uniform distribution of NPs are the advantages of these methods compared to
the chemical approaches. Physical synthesis of Ag-NPs using a tube furnace at atmospheric pressure has some disad-
vantages, such as occupancy of large space, consumption of high energy, and required time to achieve thermal stability
(Kruis et al., 2000; Magnusson et al., 1999). Synthesis of fine Ag-NPs from a small ceramic heater (with a local heating
area) useful as inhalation toxicity studies and nanoparticles calibration device (Jung et al., 2006). Laser ablation method
used for the synthesis of Ag-NPs where the ablation efficiency and characteristics of Ag-NPs depend upon the duration of
the laser pulses, wavelength of the laser, laser fluence, the effective liquid medium with or without surfactants and ablation
time duration (Tarasenko et al., 2006). The arc discharge method is another physical method to fabricate Ag-NPs sus-
pension in deionized water without the addition of surfactants (Tien et al., 2008). In spray pyrolysis, a nanostructure is
obtained by nanoporous nebulizer—based spraying or injecting of a precursor solution onto the hot substrate in the furnace
that leads to the decomposition of the precursor to the final form of the desired material on the substrate (Tahir et al., 2020).
Ball milling is a top-down type of physical method of synthesis of NPs, such as the processing of polymer nanocomposites
(Gou et al., 2012). During vapor phase synthesis of nanoparticles, conditions are created in such a way that the vapor phase
mixture is thermodynamically unstable relative to the formation of solid material to be prepared as nanoparticulate form
(Swihart, 2003). Electrical explosion of wire or pulsed wire discharge required a high-density current from a capacitor
discharge that is passed through a metal wire (resistive element) and this wire transforms and expands into heated vapor,
boiling droplets, or plasma by Joule heating (Tanaka et al., 2021). As a combination of the advantages of both top-down
and bottom-up approaches, nanosphere lithography (NSL) is a tool that promises inexpensive fabrication for the production
of regular and homogenous arrays of NPs with different sizes (Colson et al., 2013). Further, quick synthesis of Ag-NPs has
also been demonstrated by direct metal sputtering into the liquid medium (Iravani et al., 2014).

TABLE 1.1 Different approaches for synthesis of nanoparticles.

Conventional approach Non-conventional approach
Physical Chemical Green-route
Evaporation-condensation Chemical reduction From bacteria
Laser ablation Sonochemical From fungi
Arc discharge Microemulsion From plant and plant-derived extract
Spray pyrolysis Photochemical
Ball milling Electrochemical From enzymes and biomolecules
Vapor and gas phase Pyrolysis
Pulse wire-discharge Microwave From yeast
Lithography Solvothermal From microorganisms

Co-precipitation
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Chemical methods

The most common procedure for Ag-NPs synthesis is the chemical reduction approach with the help of organic and
inorganic nature of reducing agents (Table 1.1) (Chitsazi et al., 2016). From an unusual route to known materials, high-
intensity ultrasound can be used for novel nanomaterial production without long reaction time, bulk high temperature,
and high pressure (Xu et al., 2013). Uniformly distributed and size-controlled Ag-NPs can be synthesized by microemulsion
techniques that offer few advantages, like ultralow interfacial tension, being thermodynamically stable, large interfacial area,
and afforded monodispersed nanoparticles (Chin et al., 2014). Photochemical processes of fabrication of metallic NPs offer
enhanced spatial and temporal controls that have certain advantages as they avoid the use of hazardous compounds, do not
rely on costly instrumentation and highly skilled manpower, and most importantly, it can be done at ambient conditions (Jara
etal., 2021). Electrochemical deposition technique has been broadly used for metal NPs synthesis and deposition takes place
at the interface of an electrolyte with the added metal to be deposited and a metal substrate with electrical conductivity
(Singaravelan and Bangaru Sudarsan Alwar, 2015). Pyrolysis, in a broad spectrum, is commonly applied for the synthesis of
carbon nanostructures by thermal treatment of organic waste. The functional distribution of NPs is determined by the
mechanism of growth of the NPs based on the medium, growing size, and physio-chemical properties (Zahid et al., 2018).
Microwave-based synthesis of NPs combines the advantage of the speed and uniform heating of the used precursor ma-
terials. The characteristic penetration of microwave irradiation makes it possible to homogeneously heat up the reaction
solution (Onwudiwe, 2019). Solvothermal synthesis of NPs of different shapes and sizes involves the use of a particular
solvent under moderate to high temperature and pressure to promote the interaction of precursors during NPs’ synthesis
(Li et al., 2016). As a simple and low-cost method, the co-precipitation method of synthesis of NPs engages simultaneous
occurrence of coarsening, nucleation growth, and aggregation processes (Peternele et al., 2014).

Green-route methods
Using bacteria

The NPs, produced from conventional methods, are toxic, expensive, and non—environment friendly. To overcome these
problems, precise green routes, i.e., the natural sources and their products are used for the synthesis of NPs (Table 1.1).
Green route synthesis (Fig. 1.1) can be classified as (a) use of microorganisms like bacteria, fungi, yeasts (eukaryotes), and
actinomycetes(prokaryotes), (b) utilization of plants and plant extracts, and (c) use of templates such as membranes, viruses
DNA, and diatoms. Bacteria can aggregate Ag on their cell walls, hence recommending their application in the industrial
recovery of Ag-NPs from ore materials (Pooley, 1982). Initially, Ag-resistant Pseudomonas stutzeri AG259 was reported
to synthesize Ag-NPs (Klaus et al., 1999). Ag-NPs are synthesized using culture supernatants of psychrophilic bacteria
(Shivaji et al., 2011) and Bacillus licheniformis present in the aqueous solution of AgNOs3 (Kulthong et al., 2012). Ag-NPs
can be synthesized within 5 min by the reduction of aqueous Ag ions through various bacterial culture supernatants, i.e.,
Enterobacter cloacae (Enterbacteriaceae), Escherichia coli, and Klebsiella pneumonia(Shahverdi et al., 2007). Using
AgNOj as precursor, intracellular/extracellular Ag-NPs of the different size range (2—500 nm) with diverse morphology
(such as face-centered cubic, spherical, crystalline, cluster triangular, hexagonal, equilateral triangle) have been synthe-
sized by different types of genera and species of bacteria (Rafique et al., 2017). Compared to the conventional methods;
however, the main disadvantage of using bacterial nanofactories is the rate of slow synthesis of NPs and the limited number
of their size and shapes (Kharissova et al., 2013). Therefore, fungi-based nanofactories and plants and plant extracts-based
materials are being investigated for the Ag-NPs synthesis.

Using fungi

Compared to bacteria, fungi have the potential for the metallic NPs synthesis due to the capacity of metal bioaccumulation
and their tolerance, the capacity of high binding, and bacterial-like intracellular uptake that causes easy to handle in
research (Kharissova et al., 2013). Further, fungi are utilized through various methods for NPs synthesis, where fungi
secrete enormous enzymes that reduce the AgNO3 solution (Mandal et al., 2006). Fungi (more than 20) of different genera
and species are reported to produce Ag-NPs using precursor solution of AgNOj. Synthesized Ag-NPs are of intra/
extracellular with varying sizes (1—109 nm) and different respective morphological attributes, such as random, spherical,
ellipsoidal, polydispersed spherical, hexagonal, crystalline, etc (Rafique et al., 2017). During fungi-based synthesis, Ag-
NPs are found on the surface of mycelia, not in solution. These extracellular Ag-NPs from eukaryotic systems
confirmed that secreted enzymes are responsible for he reduction of Ag + particles. Compared with other classes of
microorganisms, eco-friendliness (non-pathogenic), straightforwardness during taking care, stability, and reaction rate are
the prominent advantages of fungi-based synthesis of Ag-NPs (Vigneshwaran et al., 2006)
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FIGURE 1.1 Green-route synthesis of Ag-NPs and their different applications.

Using plant and plants extracts

The first description of the synthesis of Ag-NPs (in shoots) using living plant system was demonstrated in Alfalfa sprouts
(Gardea-Torresdey et al., 2003). The use of plant extracts in green Ag-NPs synthesis such as Ananas comosus (pineapple
juice) (Ahmad and Sharma, 2012), extract of Neem and Triphala (Gavhane et al., 2012), peanut shell extract (Velmurugan
et al., 2015), fruit extract of Malus domestica (Roy et al., 2014), etc., has stimulated numbers of investigations and studies
till date. At room temperature, the formation of metal NPs using plant extracts is demonstrated to be finished in the metal
salt solution within a short period of time depending upon the nature of the used plant extract. After plant extract selection,
the central affecting parameters are the concentration of the metal salt, plant extract, pH, temperature, and contact time
(Mittal et al., 2013). In addition to the formation parameters, the principal issue is the selection of the plant from which the
extract could be used. The benefits of the synthesis of NPs from plants’ origin are that they are easily available, safe to
handle, and have active agents, at the large range, that can advance the required reduction of Ag™ ions (Kharissova et al.,
2013). The plant parts such as roots, stem, latex, seeds, and leaves are mainly used for NPs synthesis. The exciting point is
the active agents of these parts areinvolved in the stabilization and possible reduction and the plant extracts incorporated
biomolecules acting both as reducing and stabilizing agents for the production of stable and shape-controlled NPs (Bindhu
and Umadevi, 2013). Major compounds influencing the reduction and capping of NPs are biomolecules, like terpenoids,
polysaccharides, phenolics, flavones, alkaloids, amino acids, enzymes, alcoholic compounds, and proteins (Bindhu and
Umadevi, 2013). It is demonstrated that plant-based green synthesis appears to be faster compared to other microorgan-
isms, such as bacteria and fungi. The utilization of plant and plant extracts in green synthesis has pinched attention because
of their rapid growth, single-step technique, non-pathogenic nature, eco-friendly, and economical protocol for Ag-NPs
synthesis (Rafique et al., 2017).

Characterizations of nanoparticles

Numerous techniques have been utilized to characterize the size, elemental composition, crystal structure, and other several
physical properties of NPs (Mourdikoudis et al., 2018). Variation in strengths and limitations of each technique has
complicated the choice of the most suitable method, and therefore often needed a combinatorial characterization approach
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TABLE 1.2 Different techniques used for characterization of NPs (Mourdikoudis et al., 2018).

SI
No Characterization techniques Characterized entity
1 TEM, XRD, DLS, NTA, SAXS, HRTEM, SEM, AFM, EXAFS, FMR, Size (structural properties)
DCS, ICP-MS, UV-Vis, MALDI, NMR, TRPS
2 TEM, HRTEM, AFM, EPLS, FMR, 3D-tomography Shape
3 XRD, XPS, ICP-MS, ICP-OES, SEM-EDX, NMR, MFM Elemental-chemical composition
4 XRD, EXAFS, HRTEM, electron diffraction, STEM Crystal structure
5 DCS, DLS, SAXS, NTA, ICP-MS, FMR, DTA, TRPS, SEM Size distribution
6 XAS, EELS, XPS, Mossbauer Chemical state—oxidation state
7 SAXS, NMR, TEM, Cryo-TEM, liquid-TEM Growth Kinetics
8 XPS, FTIR, NMR, SIMS, FMR, TGA, SANS Ligand binding/composition/density/arrangement/
mass, surface composition
9 BET, liquid NMR Surface area, specific surface area
10 Zeta potential, EPM Surface charge
11 ICP-MS, UV-Vis, RMM-MEMS, PTA, DCS, TRPS Concentration
12 Zeta potential, DLS, DCS, UV-Vis, SEM, Cryo-TEM, TEM Agglomeration state
13 DCS, RMM-MEMS Density
14 Sp-ICP-MS, MFM, HRTEM, liquid TEM Single particle properties
15 3D-tomography, AFM, SEM 3D visualization
16 SEM, AFM, TEM Dispersion of NP in matrices/supports
17 HRTEM, EBSD Structural defects
18 TEM, SEM, STEM, EBSD, magnetic susceptibility Detection of NPs
19 UV-Vis-NIR, PL, EELS-STEM Optical properties
20 SQUID, VSM, Mossbauer, MFM, FMR, XMCD Magnetic properties

(Mourdikoudis et al., 2018). Apart from two main parameters, i.e., size and shape, size distribution, surface charge, crystal
structure, organic ligands present on the surface of NPs, surface area, degree of aggregation, and surface chemistry are
measured in the overall characterization of NPs (Table 1.2) (Minelli, 2016). However, there are significant challenges in
the analysis of NPs, such as interdisciplinary nature of the area, the absence of appropriate references for the calibration of
analytical instruments, the difficulties in sample preparation, and interpretation of the generated data. Further, unmet
challenges are there in the NPs’ characterization, like the in situ and on-line measurement of their concentration, especially
in mass production and their analysis in complex matrices (Mourdikoudis et al., 2018). During scale-up of NPs, waste, and
effluent need to be monitored that require more reliable quantification techniques and therefore it is important to char-
acterize the NPs, prepared in various ways, to the maximum extent.

Application of silver nanoparticles (Ag-NPs)
Health sector (diagnosis, medical apparatus, and therapeutics)

Out of the most vital and fascinating nanomaterials, Ag-NPs are the metallic nanoparticles involved in diverse plasmon
sensor-based biomedical applications, such as cellular imaging, detection of squamous cell cancer of head and neck,
detection of heavy metal and herbicide, detection the mercurial ions in solution, etc (Dawadi et al., 2021). The triangular
shape of Ag-NPs has higher anisotropy and lightening rod effect which are widely used in the manufacturing of plasmon
sensors or plasmon detectors (Dawadi et al., 2021). In case of electronic components and transportation, Ag-NPs have
numerous applications in sensors, electrodes, integrated circuits, nanowires, and high-energy batteries (Rafique et al.,
2017). The therapeutic applications of Ag-NPs are rapidly increasing, such as in dental cements, healing of burns and
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wounds, skin therapy, reconstructive orthopedic surgery, bone cements, medical devices, and plastic catheters (Rafique
et al., 2017). Further, Ag-NPs also has applications in targeted drug delivery, biolabeling, cancer therapy, coating of
hospital textiles, gowns, coating of breath mask, coating of implants for joint replacement, orthodontic, and orthopedic
fixations and implants (Rafique et al., 2017).

Agriculture and animal husbandry

By enhancing seed germination and plant growth, Ag-NPs have been widely used as a promising candidate to enhance
crop yield (Kale et al., 2021). Regarding plant disease management and crop protection, Ag-NPs are proven to be active as
anantimicrobial agent against plant pathogenic bacteria and fungus which are one of the reasons of significant loss in crop
yield worldwide (Alloway, 2008). Though pest protection and nutritional enrichment of crops, Ag-NPs are expected to
reduce the utilization of pesticides and frequent use of chemical fertilizers (Yokesh Babu et al., 2014). The green Ag-NPs,
as an efficient pest management agents, are safe, non-toxic, and are used as enhanced pest control tool (Zahir et al., 2012).
One of the important branches of agriculture is post-harvest management, including the preservation of agricultural
products, which can be achieved by AgNPs-based antimicrobial packaging to increase the shelf life of vegetables and fresh
fruits (An et al., 2018).

Nanotechnology devices such as nanosensors, microfluidics, nanomaterials, and bioanalytical are being utilized to
improve various animal health conditions, reproduction, production, treatment, and prevention of their diseases (Kroubi
et al., 2010). Due to the medicinal value of nanoparticles, they are being applied in animal husbandry as a source of drug
delivery (Yang et al., 2013). Microbial infection in animal husbandry is a worldwide concern. The microbes secret many
biochemicals that eventually contaminate animal feed which is causative of major diseases in animals and poultry
(Frey-Klett et al., 2011). Nanotechnology bears the potential to explain many mysteries of animal health and therefore
nanomaterials are being used as a food supplement in the diet of animals. Ag-NPs are widely utilized in animal feed for the
treatment of diseases due to the physicochemical properties of Ag-NPs (Van Den Brile et al., 2015). AgNPs are a promising
tactic to inhibit fungal contamination that produces mycotoxins (Jogee and Rai, 2020). Few studies have observed that
inclusion of nanomaterials could improve reproduction in livestock, poultry, and fisheries (Swain et al., 2015).

Antibacterial, antifungal, and microbial resistance

Novel broad-spectrum antibiotics ar a global high-interest concern due to increased microbial resistance and these anti-
microbial agents can have several limitations, such as high cost, toxicity, low solubility, and severe side effects (Kakakhel
et al., 2021). With the best example and lowest ecotoxicity to the environment, Ag-NPs have shown the best antimicrobial
activity where gram-negative bacteria are more susceptible to Ag-NPs compared to gram-positive bacteria (Rajeshkumar
and Bharath, 2017). Few green-routed Ag-NPs have exhibited excellent antibacterial activities on diverse microorganisms
and have demonstrated cytotoxicity on HT115s and hSSCs (AlSalhi et al., 2016). Suggested mechanisms of antibacterial
activity of Ag-NPs are 1: adhering to the cell membrane, Ag-NPs alter the membrane structure that causes leakage of
cellular contents, 2: Penetration of Ag-NPs inside the cell causes DNA destabilization, 3: Destabilization of ribosome by
the generated ROSs that leads to the oxidization of proteins and lipids, and 4: Genotoxicity that damages the DNA base
causing duel inhibitions of replication and transcription (Behzad et al., 2021). Plant-derived Ag-NPs are reported to have
promising antifungal and fungicidal properties against certain fungal isolates (Guerra et al., 2020; Jebril et al., 2020).
Rhizoctonia solani, a wide host range plant pathogenic fungus, was reported to be inhibited by Ag-NPs (Elgorban et al.,
2016). Along with antibiotics, antifungal activities of biogenic Ag-NPs have revealed promising results compared to the
antibiotic alone (Padalia et al., 2015).

Wastewater management

Heavy metals toxicity and dyes such as methyl orange, rhodamin, congo red, etc., are common contaminants of water, and
additionally, harmful bacteria and their toxins bear a considerable threat to the aquatic ecosystem and human health
(Ganguly et al., 2021). Therefore, wastewater remediation, based on the application of Ag-NPs and its hybrids, has
received massive interest in today’s world (Ganguly et al., 2021). Preparations of hybrids of Ag-NPs with materials such as
chitosan, cellulose, activated carbons, silicon dioxide, alginate, graphene oxides, titanium dioxides, etc., are utilized
extensively in the treatment of wastewater (Ganguly et al., 2021). Ag-NPs have desirable antibacterial nature and capacity
for enhanced adsorption that have prepared them valuable in the removal of contaminants from wastewater (Al-Qahtani,
2017). Enhanced surface reactivity of nanomaterials is based on the high surface free energy, high surface area, and great
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density of active sites per unit mass which has resulted in making Ag-NPs good adsorbents (Zhang et al., 2016). Ag-NPs
have favorable chemical and physical properties and therefore its adsorbents property has been investigated due to their
satisfactory performance, high surface area and catalytic activity, exceptional biocompatibility, comparatively low cost,
and high adsorption capacity (El-Tawil et al., 2019).

Food sector

As an important part of research and development, nanotechnology is being used for the large-scale manufacturing of
processed foods, agricultural products and drinks, food packaging, and preservation across the globe (Moriarty, 2001).
During nano-preservation of food, nanostructure-mediated encapsulation, water treatment, and humidity treatment are used
in the nanostructures of “smart food” (Bajpai et al., 2018). Several studies have confirmed that these nanomaterials like Ag-
NPs can successfully improve food safety, without altering taste and physical characteristics, by enhancing self-life and
efficacy of the packaged food with added nutritional values (Das et al., 2018). In food packaging, Ag-NPs have been
studied for the control and reduction of spoilage-related microflora in absorbent pads (Fernandez et al., 2010; Ferndndez
et al., 2010), preservation of aseptic conditions in absorbent pads, etc (Fernandez et al., 2009). In food processing ap-
plications, improved physical, microbiological, and chemical changes are observed in the stored green asparagus spears
coated with Ag-NPs hybrids (An et al., 2008). In case of alternative non-thermal technology, antimicrobial nanocomposite
packages, containing Ag and ZnO NPs, are observed to extend the shelf-life of fresh orange juice up to 28 days (Emamifar
et al., 2010).

Shortcomings of nanoparticles and Ag-NPs

Plants and microorganisms are the raw materials for the synthesis of nanomaterials by green chemistry and biological
synthesis. Interestingly, diverse biological molecules of plants and secondary metabolites, produced by microorganisms,
play a major role in the bio-reduction of nanoparticles like Ag-NPs (Kakakhel et al., 2021). Further, there are some
shortcomings and limitations in the synthesis of NPs using plants and microorganisms and therefore, it was important to
find another biological method and direction for the synthesis of Ag-NPs (Kakakhel et al., 2021). Due to the seasonal
dependency of plants, it is difficult to find specific plants for the standard and controlled synthesis of AgNPs. Mono-
dispersed AgNPs are very critical for their chemical and physical properties and these NPs are simple to apply in the
diverse fields of applied science with considerable results (Das et al., 2017). However, such monodispersed NPs, using
plants, are very difficult to maintain that finally impacts their diverse applications (Das et al., 2017). Another limitation of
plant-based synthesis of Ag-NPs is the reproducibility. If we are using the same plant extract, following another study, and
even in case of same species, there could be an effect on their chemical makeup due to the environmental conditions in
which the plants have grown (Kakakhel et al., 2021). Microbial-based syntheses of Ag-NPs also have some problems and
limitations such as microorganisms especially fungi sometimes cause laboratory contamination that leads to adverse health
effects in humans (Kakakhel et al., 2021). Further, there is still a break in the sustained stability of green-routed synthesis
of Ag-NPs in various physical environments such as extreme temperature, pressure, and pH (Velgosova and Mrazikova,
2017). Environmentally responsive, targeted, and controlled release of the materials by Ag-NPs, its bioaccumulation, and
toxicity to the environment also needs dynamic research (Velgosova and Mrazikovd, 2017). In these consequences, green
synthesis of Ag-NPs is still to gain popular in the industries compared to the chemical Ag-NPs synthesis (Velgosova and
Mrazikova, 2017).

Discussion and future prospect

The growing alertness for green chemistry and the use of biological synthesis of Ag-NPs have led to a need to develop
techniques friendly to our environment. The plant-based synthesis of Ag-NPs needs further detailed standardization of the
protocols where we can expect reproducing results in every trial. The biosynthesis of Ag-NPs from microorganism is an
emerging and exciting field of nanotechnology and this process may significantly impact further advances in nanoscience.
Different drawbacks of uses of microorganism like health contamination from fungus, pathogenic bacteria, etc., need to be
refined and investigated in detail. A survey of scientific literature has revealed that these studies, on Ag-NPs applications,
are carried out in in vitro condition, whereas no reports are there on the in vivo applications. Interestingly in in-vivo
studies, the possible mechanisms of toxicity of Ag-NPs significantly have less available information compared with the
in vitro studies. The diverse applications for Ag-NPs will continue to expand, however; in-depth understanding of the
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accumulation of Ag-NPs in the environment and their potential long-term effects on humans and animal ecosystems need
serious attention and research. Keeping view on the recent trends, we robustly believe that the biosynthesis of Ag-NPs will
open novel directions toward various upcoming biomedical applications like nanodrugs, nanosensor in the future. There
are also hopes for potential application of Ag-NPs in water disinfection, nano-weapon, against plant/animal diseases, and
as surface plasma resonance enhancers. Also, these Ag-NPs could be potential tools to overcome the present energy crisis
by an upcoming finding of their application in energy-driven devices. Further investigations are needed to identify the
precise molecular mechanism of biosynthesis of Ag-NPs for better control over their size, shape, and stability.

Conclusion

During the last decade, number of efforts were carried out for the development of the green synthesis of Ag-NPs due to its
certain advantages such as cost-effective, ecofriendly, large-scale synthesis, etc., over the chemical and physical methods.
For the most competent miniaturized functional materials, exquisite and inventive methods are within nature itself. Recent
awareness of green chemistry and green route synthesis of Ag-NPs has created a desire to develop and standardize eco-
friendly methods. Simple prokaryotic to complex eukaryotic organisms are being utilized for the synthesis of Ag-NPs;
however, the development of the microorganisms and dispersed formulation residue is very tricky compared with the other
methods. The low rate of synthesis and a limited number of distributed size and shape has oriented the studies toward the
uses of plants. Production of Ag-NPs from plants could have advantages over other biological elements, such as a slow rate
of Ag-NPs synthesis using microorganisms, hygienic working environment, control over wastages, health and environment
shielding, and final stable product formation. Through abundant applications for mankind such as medicine, cardiovascular
implants, dentistry, therapeutics, biosensors, agriculture, etc., green-routed synthesis of Ag-NPs will be an important and
major aspect of future nanotechnology. However, it will be very interesting to see how different shortcomings of the
biological way of Ag-NPs synthesis would be solved for practical applications.
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Introduction

In recent, the potential of various plant biomasses and microbes for the synthesis of nanoparticles was explored. Various
physical and chemical methods have been made for metallic nanoparticle synthesis, nanotechnology serves as a key
method in the development of clean, less toxic, and less hazardous to save environmental methods for the synthesis and
gathering of metallic nanoparticles. The biosynthesis of metallic nanoparticles by using plant extract is a new and emerging
eco-friendly science of well-defined size, shapes, and controlled mono disparity (Ansilin et al., 2016). These particles are
very tiny with their size ranging from 1 to 100 nm. Nanoparticles have brought considerable attraction due to their fabulous
and interesting properties, with various applications (Daniel and Astruc, 2004). Green synthesis of metallic nanoparticles
attracts an increasing interest because of their latest and distinct structures and characteristics that allow attractive ap-
plications in many fields such as antimicrobials (Priyadarshini et al., 2013), biotechnology, microelectronics, catalysis,
medicine, optics, information storage, and energy conversion (Lee et al., 2003). Nowadays, nanoparticles are widely used
as an effective antimicrobial agent against a broad spectrum of microorganisms, including antibiotic-resistant strains
(Percival et al., 2007). Nanotechnology is referred to as the portrayal, manufacture, control, and application of structures
controlling their shape and size at the different nanoscales (Sarsar et al., 2013). The area of nanoparticle study is most
effective and interesting in terms of research in applied sciences, and the synthesis of nanoparticles is taking up signifi-
cantly all over the world with their benefits. Nanoparticles show interesting effects taking into account particular char-
acteristics, i.e., size (1—100 nm), shape, and structure (Slawson et al., 1999; Nalwa, 1999). These particles are categorized
mainly as organic and inorganic nanoparticles. Inorganic nanoparticles include semiconductor nanoparticles such as zinc
oxide, zinc sulfate, and xadmium sulfate, metallic nanoparticles like gold, silver, copper, aluminum, and magnetic
nanoparticles like cobalt, iron, nikel, while organic nanoparticles incorporate carbon nanoparticles like quantum dots,
fullerenes, and carbon nanotubes (Figs. 2.1—2.7).

Green synthesized nanoparticles from plants are a cost-effective, eco-friendly, and nontoxic approach to nanoparticle
generation than the physical or chemical methods. Top-down and bottom-up methods are the two basic and old methods
for the synthesis of Nanoparticles. In the top-down approach, suitable mass material breaks into fine particles by size
reduction with different techniques, i.e., pulse laser ablation, evaporation—condensation, ball milling, pulse wire discharge
method, etc. Through the Bottom-up approach, nanoparticles can be synthesized using biological (green synthesis) and
chemical methods by the self-build phenomenon of atoms to new nuclei which stretch into a particle of nanoscale. In a top-
down approach, evaporation—condensation is the most extensive method for metal nanoparticle synthesis (Swihart, 2003).
Traditionally, researchers generally used the synthesis of nanoparticles in the bottom-up approach. The bottom-up
approach is a nano-architectural phenomenon of self-assembly of materials from cluster-to-cluster, molecule-to-mole-
cule, or atom-to-atom on top of a base substrate. The bottom-up approach is the adhesion of the surface layers to the base
substrate. The most commonly used bottom-up methods are wielding and fixed.

The mechanism of biosynthesis of nanoparticles in plants can be associated with the phytoremediation, and biore-
mediation concepts metal oxide nanoparticles are viewed as potential next-generation or disinfecting agents, these are
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Copyright © 2024 Elsevier Inc. All rights reserved. 15
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FIGURE 2.1 Bottom-up approach.

finding applications in the area of clinical concern, consumer products, and other industrial applications. Nanoparticles also
have considerable attention to their unique antibacterial, antifungal, UV filtering properties, and high photochemical and
catalytic activity (Mishra et al., 2011). The use of environment-friendly materials like plant leaf and root extract,
and microorganisms such as bacteria, actinomycetes, fungi, and yeast offers extra benefits of compatibility for biomedical
and pharmaceutical applications. These biological organisms can provide an environment for the synthesis of metal
nanoparticles either intracellular or extracellular (Sadeghi & Gholamhoseinpoor, 2005). These organisms produce bio-
minerals, which are composite materials and consist of an inorganic component and a special organic matrix like proteins,
polysaccharides, or lipids, that control the morphology of the inorganic compound (Uosaki et al., 2014; Samberg et al.,
2010). The formation of NPs has provided us with remarkable developments in the area of nanotechnology by demon-
strating its potential over the last decade (Xu et al., 2006).

These particles can be categorized widely as inorganic and organic nanoparticles. Inorganic nanoparticles include
semiconductor nanoparticles such as ZnO, ZnS, and CdS metallic NPs like gold, silver, copper, and aluminum and
magnetic nanoparticles like Co, Fe, and Ni, while organic NPs incorporate carbon nanoparticles like fullerenes, quantum
dots, carbon nanotubes. Many of these nanoparticles such as ZnO, SiO,, FeO, and TiO,, are frequently used due to their
photocatalytic properties. Elemental metals such as Ag, Au, Fe, Cu, Pt, Pd, Ni, and Co are widely used for antimicrobial,
optical, catalytic, electronic, etc. Wires made from Au, Cu, Si, and Co are used as conductors and semiconductors
(Vadlapudi and Kaladhar, 2014). There is an extended interest in gold and silver nanoparticles as they enhance superior
characteristics with useful flexibility (Bhainsa and D’souza, 2006). Silver nanoparticles have a required surface zone which
results in catalytic activity, biochemical reactivity, and atomic behavior in contrast to large particles having the same
chemical composition (Rajakumar et al., 2012). Noble metal nanoparticles such as silver, gold, copper, iron, and platinum
are widely used in medicinal applications. There is a growing need to develop an environmentally—safe process for the
synthesis of nanoparticles that do not employ toxic chemicals (Rajakumar et al., 2012; Shahverdi et al., 2007; Sharma
et al., 2019).

Medicinal plants have been very useful in traditional medicine since old times and are a rich source of bioactive
compounds having antiviral activities plants, and their parts are more effective and safer than synthetic drugs and chemicals
in the treatment of certain diseases. Medicinal plants are a rich source of bioactive components including various secondary
metabolites like alkaloids, flavonoids, phenolics, saponins, terpenoids, tannins, etc (Garg and Garg, 2018). The medicinal
plants and their product use as medicines could be traced from the beginning of human civilization. The medicinal value of
plants and almost all of their parts have been mentioned earlier in Hindu culture. It is found in one of the Vedas, Rigveda
which have been written during 4500—1600 B.C., and it was a kind of library for human awareness that it is an ancient
collection of Hindu culture in medicinal science (Huang et al., 2007). Plants are common and inexpensive sources of
nanomaterials (Hutchison, 2008). Using plant parts that do not harm the environment, safe materials like leaf, stem, and
root extract, bacteria, saccharomyces, actinomycetes, and fungi offer additional benefits of compatibility for biomedical
and plant-made pharmaceutical applications. These biological organisms can provide an environment for the synthesis of
metal nanoparticles either intracellular or extracellular (Romero et al., 2006). Plant extracts including secondary metab-
olites, such as phenolic acids, flavonoids, alkaloids, and terpenoids, play a major role in the formation of nanoparticles in
an eco-friendly reaction (Hutchison, 2008). At present, various plants and herbal compounds are used to treat several
diseases around the world. The use of plants has long been considered in the traditional medicinal system from the century
(Amooaghaie et al., 2015).

In the field of nanotechnology research and studies have been improved rapidly throughout the world. Despite the
potential of growing in the field of nanotechnology, there are still some problems with the possible risks and effects of
nanoparticles on the environment and human health (Elangovan et al., 2015). Nanoparticles have become a significant
subject of study in recent years due to their substantial applications in a variety of fields including diagnostics, bio-markers,
cell labeling, antimicrobial agents, drug delivery, and cancer therapy (Goswami et al., 2017). The most practical and
effective nanoparticles were found to be in the range of 1—100 nm. Some metal oxide nanoparticles are used as ingredients
for rubber additives, catalytic converters, biomedical imaging, photovoltaic cells, sensors, and environmental remediation
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FIGURE 2.2 Showing different nanoparticles and their uses.

such as paints, cosmetics, and plastics products (Yates and Dionysiou, 2006). Some of the ongoing production methods for
the fabrication of nanomaterials are discussed from a green point of view, and deficiencies are explained. This targeting is
generally best accomplished by chemical modification of the nanoparticle’s surface to increase its affinity for a specific cell
(Krutyakov et al., 2008). Nanoparticles are unique because of their large surface area and this dominates the contributions
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FIGURE 2.3 Tinospora cordifolia.

FIGURE 2.4 Azadirachta indica.

made by the small bulk of the material. Nanoparticles have different colors like yellow, gold, and gray. Especially silver
nanoparticles have distinctive physicochemical properties, including high electrical and thermal conductivity, surface-
enhanced Raman scattering, catalytic activity, chemical stability, and nonlinear optical behavior (Shinde et al., 2012).
The absorption of solar radiation in photovoltaic cells is much higher in nanoparticles than it is in thin films of continuous
sheets of the mass material since the particles are smaller, they absorb a greater amount of solar radiation. The superiority
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FIGURE 2.5 Ricinus communis.

FIGURE 2.6 Ocimum sanctum.
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FIGURE 2.7 Moringa oleifera.

of using nanoparticles for therapeutic drug delivery results shows two main basic properties first their nano size so these
nanoparticles can penetrate through smaller capillaries and are occupied by cells, which allows efficient drug accumulation
at the target sites. A second property is the use of biodegradable materials for nanoparticle preparation allows enduring
drug release within the target site over days or even weeks (Yadav et al., 2013). While carrying drugs with nanoparticles
have no biotoxicity for the carrier. Nanoparticles do not show any problem in large-scale production and sterilization but
they only avoid organic solvents.

In this study plant parts of Tinospora cordifolia, Azadirachta indica, Ocimum sanctum, Moringa oleifera, Ricinus
communis were used to evaluate their potential in the synthesis of various nanoparticles like gold, copper, silver, zinc,
titanium, and iron.

Tinospora cordifolia

Kingdom—Plantae
Division—Magnoliophyta
Class—Magnoliopsida
Order—Ranunculales
Family—Menispermaceae
Genus—Tinospora

Species— cordifolia

Plant Description—7Tinospora cordifolia commonly called gurjo, heart—leaved moonseed, Guduchi, or giloy. it is a
herbaceous vine indigenous to tropical regions of the Indian subcontinent. It has been used as a traditional medicine to treat
various disorders. It contains diverse phytochemicals, including alkaloids, phytosterol, glycosides, flavonoids, phenols, etc.
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Azadirachta indica

Kingdom—Plantae
Division—Magnoliophyta
Class—Magnoliopsida
Order—Sapindales
Family—Meliaceae
Genus—Azadirachta
Species—indica

Also called neem, the fast-growing tree is valued as a medicinal plant, as a source of organic pesticides, and
economically for its timber. This plant is native to the Indian subcontinent and to dry areas throughout south Asia. It has
been also introduced to parts of Africa, the Caribbean, and numerous counties in South and Central America. The plant has
long been used in folk medicine and also used in cosmetics and organic farming.

Ricinus communis

Kingdom—Plantae
Division—Tracheophyta
Class—Dicotyledonae
Order—Malpighiales
Family—Euphorbiaceae
Genus—Ricinus
Species—communis

Plant description—R. communis commonly known as the Castor plant is a fast-growing shrub. Castor oil and the roots
and leaves are used in the Indian Indigenous Medicinal System for various diseases, and it has been investigated in a few
limited studies for its potential as an antinociceptive and antiinflammatory herbal drug.

Ocimum sanctum

Kingdom—Plantae
Division—Magnoliophyta
Class—Magnoliopsida
Order—Lamiales
Family—Lamiaceae
Genus—Ocimum
Species—sanctum

It is commonly known as tulsi, holy basil which is an aromatic perennial plant. It is native to the Indian subcontinents.
Tulsi is cultivated for religious and traditional medicine and essential oils purposes. It is widely used as a herbal tea
commonly used in Ayurveda. Plant parts are used as antitubercular, insect-repellent, and nematocidal.

Moringa oleifera

Kingdom—Plantae
Division—Magnoliophyta
Class—Magnoliopsida
Order—Brasicales
Family—Moringaceae
Genus—Moringa
Species—oleifera

Plant Description—M. oleifera is a fast-growing, deciduous tree commonly called drumsticks. It has numerous
applications in cooking throughout its regional distribution. Oil is used for hysteria, scurvy, prostate problems, and
bladder troubles. The roots and bark are used for cardiac and circulatory problems, as a tonic, and for inflammation.
The bark is an appetizer and digestive. The iron content of the leaves is high, and they are reportedly prescribed for
anemia.
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Methodology of nanoparticle synthesis
Chemical approach

In this method, the main components are the metallic precursors, stabilizing agents, and reducing agents are organic and
inorganic both. Some of the reducing agents are sodium citrate, ascorbate, sodium borohydride, elemental hydrogen,
polyol process, N, N-dimethylformamide (DMF), and polyethylene glycol is used (Zhang et al., 2016). chemical pro-
cedures start with reducing the metal ions to metal atoms which are followed by controlled bulk of atoms (Sotiropoulou
and Chaniotakis, 2003).

Physical approach

Synthesizing nanoparticles is mainly a top-down approach in this method where the material is reduced in size by various
physical approaches such as ultrasonication, microwave irradiation, electrochemical methods, and so on. In this method,
various researchers used a tube heater which is utilized at barometrical weight by evaporation condensation for integrating
nanoparticles. Evaporation condensation and laser removal are the essential physical methodologies. Different nano-
particles of silver, gold, lead, and cadmium have been synthesized and reported already (Mathur et al., 2018). The ge-
ometries can be also achieved by physical methods (Mandal et al., 2006) which can be utilized in varied applications. Ball
milling, ion beam lithography, Photolithography, microcontact printing, evaporation—condensation, dip pen lithography,
electrochemical synthesis, and nanoimprint lithography are reflected as novel techniques for nanoparticles (Chen and
Pepin, 2001).

Green synthesis method

The biological method, which is represented as an alternative to chemical and physical methods, provides an environment-
friendly way of synthesizing nanoparticles. This method does not require any expensive, harmful, or toxic chemicals.
Metallic nanoparticles with various sizes and shapes, contents, and physicochemical properties can be synthesized.
Synthesis can be done in one step using biological organisms such as bacteria, yeasts, molds, algae, and plants. Molecules
in plants and microorganisms, such as proteins, enzymes, phenolic compounds, amines, alkaloids, and pigments perform
nanoparticle synthesis by reduction (Shah et al., 2015; Nadaroglu et al., 2017; Nadaroglu et al., 2017; Cicek et al., 2015;
Narayanan and Sakthivel, 2010; Mukhopadhyay and Yadav, 2011). Nowadays because of rapid development, affordable
culturing costs, and easy control and manipulation of the growth environment, bacteria are targeted in the production of
nanoparticles. At the same time, it is helpful to know some species of bacteria have special mechanisms to suppress the
toxicity of metals or heavy metals. Bacteria preferred for these properties can perform nanoparticle synthesis in situ and ex
situ. (Gao et al., 2014).

Methodology for preparation of plant sample

1. 20 g of the leaf was thoroughly washed and finely cut leaves were put in a 500 mL Erlenmeyer flask along with 100 mL
of distilled water and then boiled for 5 min then the extract was filtered with Whatman No. 1 filter paper and stored at
4°C and used for further experiments (Mallikarjuna et al., 2011).

2. The plant extract was prepared by the Soxhlet extraction method (Okeke et al., 2001). Powder material (100 gm) was
uniformly packed into a thimble and run in a Soxhlet extractor. It was extracted with solvent (methanol) till the solvent
in the siphon tube of an extractor become colorless for about 48 h approximately. After that extract was filtered with the
help of filter paper and then evaporated in a Rotary evaporator to get a syrupy consistency. Then the extract was kept in
a refrigerator at 4°C for future experiments (Dubey et al., 2009).

Methodology for the synthesis of nanoparticles

1. Leaf extract (0.5 mL) was added to 10 mL of 1 mM AgNOj3 aqueous solution. UV—Vis spectrophotometer was used to
measure the spectra of the solution. The suspension was diluted with distilled water to avoid errors due to the high
optical density of the solution. (Mallikarjuna et al., 2011).

2. The dried leaf was added to double distilled water. After that, zinc acetate was dissolved in a water solution and the
solution was obtained. The extract was added to the solution and evaporate for 12 h approximately to yield white zinc
oxide nanoparticles and then desiccated at 100°C to obtain nanoparticles (Dhanemozhi et al., 2017).
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3. Leaves (about 10 gm) were transferred into 100 mL of boiled double-purified water and kept for 10 min. After that, the
hot leaf extract was filtered through filter paper and then kept for further process. In a conical flask containing 100 mL
of 1 mM AuCly solution with 10 mL leaf extract and stir well for about 30 min. After 30 min, the light yellow-colored
mixture changed into a wine-red color, which represents the synthesis of gold nanoparticles (Balalakshmi et al., 2017).

4. 10 pg/mL of Methanol leaf extract was added to 1 mM silver nitrate solution at different ratios of 1:1, 1:2, and 1:3, and
the volume was made up by the addition of distilled water. The solution was mixed by gentle shaking and kept at room
temperature for 24 h.

5. An aqueous solution of salt CuCl,-2H,0 (7.5 x 1073 M) was heated to 85°C in an oil bath with the help of magnetic
stirring; then neem leave’s broth (20%) was added dropwise to this solution at different time intervals, the color
changes were seen gradually from green, yellow, orange, radish brown, brown and finally dark brown with their stages.

6. For the synthesis of TiO, NPs, 100 mL of TiO(OH), (0.1 mM) was stirred for 2 h 20 mL of the aqueous extract of plant
extract was added to 80 mL of TiO(OH), at room temperature under stirred conditions for 24 h. The pure TiO(OH),.
After the reaction extract with TiO(OH),, the synthesized nanoparticles turned light green.

Metals synthesized from green synthesis:

Copper (Cu) and copper oxide (CuO):

Copper nanoparticles have recently created special attention because of their low-cost and novel optical, catalytic
mechanical, thermal conduction, and electrical properties, which are different from that of their bulk metals (Brust and
Kiely, 2002; Lee et al., 2009). It can be used in different formulations like nano—fungicides, nano—antimicrobials, and
nano—fertilizers. UV—Visible spectrometer was used for the confirmation of copper nanoparticle formation 578-nm peak
was obtained average size of copper nanoparticles was 40 nm (Karimi and Mohsenzadeh, 2015).

Silver nanoparticles

Silver NPs have been broadly considered for use in different fields like optoelectronics, catalysis, medicine, sensing, etc.
Silver nanoparticles have a high surface area and unique chemical, and physical properties (Markowska et al., 2013).
Among other noble metals, the synthesis of silver nanoparticles has established great significance as an antimicrobial agent
(Panacek et al., 2006; Parashar et al., 2009). The unique properties of silver nanoparticles are mainly advantageous for
cancer therapeutics. For the green synthesis of silver nanoparticles, the key requirements are a silver metal ion solution and
a reducing biological agent. The easiest method for silver nanoparticle production is silver ion reduction and stabilization
by a fusion of biomolecules such as polysaccharides, vitamins, amino acids, proteins, saponins, alkaloids, terpenes, and
phenolics (Tolaymat et al., 2010).

Gold

Gold nanoparticles are paid attention to due to their high potential use in medicine (Jain et al., 2006). biocompatible nature
(Sperling et al., 2008), less toxicity (Jeong et al., 2011), surface plasmon resonance, scattering and absorption properties
(El-Sayed et al., 2005), facile synthesis, and easy surface functionalization (Ghosh et al., 2008). Gold nanoparticles have
been investigated for potential applications in the field of biosensors (Kreibig and Vollmer, 1995; Chan and Nie, 2016),
hyperthermia therapy (Huang et al., 2000), delivery platforms for therapeutic drugs (Paciotti et al., 2004), and antimicrobial
drugs (Sondi and Salopek-Sondi, 2004; Hsiao et al., 2006) Employing plants as biological factories has the potential to
deliver an environmentally friendly source of gold nanoparticles.

Zinc oxide nanoparticles (ZnO NPs)

Zinc oxide nanoparticles have created a lot of research interest because of their significant roles in biological fields and
the energy sector. Zn oxide nanoparticles are less expensive, easy, and safe Zn oxide nanoparticles have been used in
cancer therapy, and drug delivery and they possess antibacterial properties (Hameed et al., 2016). Zinc oxide NPs are
one of the important particles to have received a lot of attention, due to their antimicrobial, and UV filtering charac-
teristics Zinc NPs are successfully used as food additives and in cosmetics such as sunscreens, due to their ability to
absorb ultraviolet rays (Kumar et al., 2011; Wang et al., 2004; Nohynek et al., 2007; Nohynek et al., 2008). The use of
Zinc oxide nanoparticles is also used for agricultural purposes such as pesticides, without affecting soil fertility (Sharma
et al., 2010). Numerous works have been reported now for this nanoparticle synthesis and utilization by plants, mi-
croorganisms, and others. Plant parts like stems, flowers, roots, seeds, and leaves can be used for the synthesis of Zn
oxide nanoparticles, (Jadoun et al., 2021).
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Titanium dioxide (Tioy)

Titanium oxide nanoparticles are considered of great interest with their exclusive morphologies and surface chemistry.
These nanoparticles are very useful in the preparation of paper textiles, cosmetics, plastics, tints, foodstuffs, etc. TiO,
nanoparticles are vigorously used in the reduction of various toxic chemicals such as pollutants and dyes from water.
Nowadays numerous plants have been used for their synthesis and applications. The synthesis starts with the reaction of a
plant extract with TiO, salt. Initially, the preparation of nanoparticles can be confirmed by the changes in the color of the
reaction mixture, after that the morphological and spectroscopic studies confirmed their shape and size formation. These
nanoparticles are reported as light green changes into dark green color. TiO, nanoparticles were found mostly spherical
shaped (Jadoun et al., 2021).

TABLE 2.1 Schematic representation of nanoparticles methods.

Lithography

Laser Ablation

Sputtering

Thermal Deeomposition Method

Mechanical Milling / Ball
Milling

Chemical Vapor
Depositor

| - v
o e |
= o
0 e
S e ®
(1+]
= 0 o
= Y
= a

Uy
10
o
=
&
©
Q.
o
c
1]
=

Solgel Process Root

— Stem

1 - Spinning

Leaf

Pyrolysis

Flowers

Biological

Synthesis

Fungi

Bacteria

Microorganisms




Biological synthesis of nanoparticles: a value of ethnomedicine Chapter | 2 25

Antimicrobial studies of nanoparticles

Nanoparticles are using as antimicrobial agents for decades. It has a strong antibacterial activity which can decrease the
microorganism concentration. Cu Nanoparticles are known for a wide range of antibacterial activity against different
strains of gram-positive and gram-negative bacteria. Silver nanoparticles are good antimicrobial agents against many
pathogenic microorganisms (Samadi et al., 2010). Recently, silver nanoparticles were demonstrated as having enhanced
antimicrobial and biofilm inhibition activity as compared to that of silver metal salt (Naqvi et al., 2013; Singh et al., 2015)
their tremendous antimicrobial activity inhibited pathogenic microorganisms like Bacillus pumilus, Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, Aspergillus niger, and Penicillium chrysogenum. Gold NPs have an anti-
bacterial effect on a range of gram-positive and gram-negative bacteria (Shi et al., 2008). The synthesized Au NPs have
shown enhanced antibacterial activity (Rajan et al., 2015). TiO, NPs where protein is used as a stabilizing agent, and its
antimicrobial activity against Bacillus subtilis (Gram-positive), Klebsiella planticola (Gram-negative), and the fungal

pathogen Aspergillus niger (Tables 2.1—2.3).

TABLE 2.2 Showing characterization techniques.

Characterization techniques

UV—visible spectrometer
Fourier transformation infrared spectroscopy (FT-IR)

Transmission electron microscopy, high-resolution transmission
electron microscopy, and scanning electron microscope (TEM,
HR-TEM, and SEM)

Energy-dispersive spectroscopy (EDX)

Atomic force microscope (AFM)
Powder X-ray diffraction (XRD)
Zeta potential

Dynamic light scattering (DLS)
X-ray photoelectron spectroscopy (XPS)

Vibrating sample magnetometer (VAM)
Thermogravimetric analysis (TGA)
Brunauer—Emmett—Teller (BET)
Low-energy ion scattering (LEIS)

Photoluminescence (PL) spectroscopy

Nanoparticle tracking analysis (NTA)

Mass spectrometry (MS)

Differential centrifugal sedimentation (DCS)

Ferromagnetic resonance (FMR)

Function

It detects the surface plasmon resonance which absorbs a specific
wavelength of light

Detection of functional groups which are responsible for capping,
stabilizing, and reducing agent/of metal NPs.

It confirms the size, and morphological shapes of nanoparticles

It uses for the study of the elemental composition and purity of
green synthesized nanoparticles.

Gives 2D and 3D structures of NPs.
Detect the crystallinity of nanoparticles
Detect surface charge of NPs which is responsible for stability.

It detects the distribution and size of nanoparticles in colloidal so-
lution, and detect clumps of nanoparticles.

Used for the study of surface chemistry, elemental composition,
electronic and chemical state of nanoparticles

Used for the study of magnetic properties of nanoparticles
Thermal analysis.

Surface area detection

For the thickness of nanoparticles

Used for fluorescence, quantum dots, and metal nanoclusters
study

Used to detect nanoparticles size distribution in a liquid medium,
capping efficiency refractive index between nanoparticles and
lights.

Study the elemental and molecular compositions and the chemi-
cal state of NPs, study the bioconjugation of NPs with target bio-
molecules inductively coupled plasma

Detect size based on sedimentation rates

Detect nanoparticle size, distribution, shape, surface composition,
magnetic anisotropic constant, and demagnetization field.
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TABLE 2.3 Depicts different medicinal plants with nanoparticles of different shape and sizes.

Plant name Nanoparticle ~ Shape & Size(nm) References
Azadirachta indica Gold, silver 5—35 & 50—100 spherical, triangular, (Shankar et al., 2004)
hexagonal

Moringa oliefera Silver 57 spherical (Prasad and Elumalai, 2011)

Ocimum sanctum(root) Silver 10+ 2 & 5+ 1.5 spherical (Ahmad et al., 2010)

Ocimum sanctum (leaf) Silver 10—20 spherical (Philip and Unni, 2011)

Azadirachta indica ZnO 40 (Sharma et al., 2018)

Tinospora cordifolia Cu 50—130 (Elumalai and Velmurugan, 2015)

Azadirachta indica CuO 49-324 (Ansilin et al., 2016)

Ocimum sanctum Cu 77 (Vasudev Kulkarni and Kulkarni,

(leaves) 2013)

Moringa oleifera Cu Spherical 6 & 61 (Galan et al., 2018)

Ocimum sanctum (leaf) Gold 30 crystalline, hexagonal (Philip and Unni, 2011)
Conclusion

In this chapter, we conclude that green synthesized nanoparticles of copper, silver, gold, titanium, and zinc are a great
source of medicines as it was discussed by many researchers. These nanoparticles have been characterized by researchers
and provide their shape and size. Some selected medicinal plants with their health benefits, ethnomedicinal properties, and
antimicrobial studies of these particles are also included. Green synthesized nanoparticles will give great changes to our
health and society also it will open various doors for researchers.
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Introduction

Virus infections cause deadly human diseases with morbidity and sometimes mortality. Recently, viral infections have
been used in the engineering of druggable candidates for the concomitant progression in pharmaceutics. Indeed, several
viruses have similar patterns of composition and interacting patterns with specific receptors and co-receptors on host cell
surfaces, which remain identical during the establishment of an infection (Tarafdar et al., 2013). Hence, the need to explore
the “cell—virus interaction mechanism” remains as the thrust area for developing some effective antiviral agent in inter-
disciplinary nanosystems. Indubitably, viral nanoparticles (VNPs) and antiviral agents with vast properties and target-
oriented applications to align them like a drug-cascade of nanosystems would be the challenging aspect of this
endeavor. Mostly, VNPs of animal viruses are efficient with innovative applications for drug delivery in animal systems,
due to the desirable biodegradability and biocompatibility, and specifically for the noninfectious nature with other hosts.
Viruses also have individual characteristics such as high stability and well-defined three-dimensional (3D) structures with
some precise interior and exterior surfaces that suitably lend to viral nanotechnology for use in health improvement
(Koudelka et al., 2015; Rizvi and Saleh, 2018).

However, the unfortunate multidrug-resistance character in bacterial pathogens and the danger of further resistance to
the newly added antibacterials are the commonplace occurrence causing clinical annoyance in the health sector today
(Sahoo et al., 2021). The bacterial resistance to contemporary antibacterials/antibiotics and the added newer generations of
antibiotics and/or modified versions of the obsolete antibacterials are a vicious cycle today (Sahoo et al., 2020b). As it is,
the older drug formulations are ineffective against the present pathogenic bacterial flora, eventually requiring more/suitable
drugs for the coveted control; those drugs are newly added or older ones are modified in turn. Thus, intuitively, it can be
stated that the development of novel therapeutic stratagems by viral nanotechnology could solve the present problems, as
viral nanotechnology has become a bold interdisciplinary research arena.

Moreover, viruses are predominantly small infective agents responsible for some serious morbidity or fatal diseases.
Nowadays, viruses and virus-like particles (VLPs) are of considerable interest due to the inherent scope toward integration
and facilitating the use of a broad spectrum for therapeutic purposes with viruses in nanotechnology (Singh et al., 2017).
Moreover, viral nanotechnology has an interdisciplinary approach of the integration of virology, microbiology, chemistry,
physics, immunology, and mathematical modeling (Schwarz et al., 2017). Viral nanotechnology includes the use of a viral
supramolecular moiety with several recognizable coupling sites aligned on both outer and inner viral capsid surfaces
having different shapes and dimensions unique to each virus. Those offer interesting opportunities for the use as nano-
containers for the embodiment of different mixtures or as nano-fiber scaffolds to immobilize the functional units for
manufacturing coveted agents. Viruses can be modified genetically to increase the selective binding site if necessary,
ending up with varying properties of the whole template, as a path to create virus nanoparticles for newer therapeutic
applications (Singh et al., 2006). Consequently, the diverse latent applications of viral nanotechnology with several op-
portunities in the fields of health, biomedicine, photonics, electronics, energy, and catalysis will be explored.

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00012-5
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This is a novel field demanding newer therapeutics that are already partially developed and, today, those being used in
the development of vaccines, diagnostic kits, and drugs for prognosis as well as roles in gene therapy. As it is, viruses
individually have some 3D nanoscale structures, composed of thousands of copies of one or more coat proteins (CPs) to
protect the viral genetic material enclosed in capsids, required during newer infections (Ojasalo et al., 2021). Moreover, the
understanding the live-cellular operations through the synthesized VLP-like nano-sized metal—organic frameworks, carbon
nano-shells, and quantum dot (QD) nano-cores with veracious compatibility and the inherent interfaces could be increased;
by the by, the precise updates for host cellular dysfunctions before their amplifications could be obtained. Additionally,
VLPs of a kept nano-sized structure had been developed for the conveyance of infective nucleic acids to be inside capsid
proteins with additionally introduced nucleic acids as a normal freight; but, a few investigations have described VLPs for
mRNA and rDNA conveyances too. Since this century has received particularly much attention in the health system, both
VNPs and VLPs have to do with some therapeutic exactitude, with possible use(s) as the building blocks of VNPs,
adopting the technology that has some keen apparatus in a precise diagnostic and effective treatment, as exemplified (Bawa
et al., 2016; Steinmetz and Manchester, 2011).

Viral nanoparticles
Principles of structure and characterization

Viruses are produced inside host cells as vehicles for inherent genomes during infection of newer hosts; but, the packaging
of extraneous nanoparticles is planned in this field, which gave the idea of VNPs. In the early 1950s, bacteriophages were
engineered as cloning vectors, which enabled the viral expression platform to be utilized in “bacteriophage therapy.” The
hollow protein shell is known as a capsid, which protects the genome from the exterior environment. Indeed, each virus
particle has the potency to form a capsid, independently as the viral self-assembled structure (Buzoén et al., 2020). In-
clusions of viral self-assembled nanostructures into capsids as during viral encapsulation are possible. On the other hand,
plant viruses (PVs) have a broad platform during viral synthesis for the molecular entrapment of nanoparticles, which
could be utilized in the nano-technologic-based interdisciplinary fields (Wen and Steinmetz, 2016). Thus, there are an
enormous platform in which viruses could be employed as a bandwagon of next-generation nanophoto/electromechanical
systems, using nano-catalysis, nano-electronics, nano-optics, and biosensing, with the consequent plethora of biomedical
applications (Steinmetz, 2010) (Table 3.1). A plant viral capsid gives bio-layouts for aligning of novel nanomaterials with

TABLE 3.1 Properties and applications of different types of viruses (Steinmetz and Manchester, 2011; Singh and
Lillard, 2009).

S.

No.  Virus Properties Application

1 Adenovirus The average diameter is 70 nm with DNA and RNA delivery for cancer
icosahedral symmetry treatment

2 Potato virus X (PVX) Approximate diameter of 13 nm with he- Genetic modifications, chemical conju-
lical symmetry of average length in the gation, immune stimulation
range of 470—580 nm.

3 Cowpea mosaic virus (CPMV) and Approximate diameter is 28 nm along Chemical conjugation, bioimaging and

cowpea chlorotic mottle virus with T = 3 icosahedral symmetry encapsidation
(CCMV)

4 Tobacco mosaic virus (TMV) Shape is rod, length is 300 nm, and Modifications by genetics, conjugates by
diameter is 18 nm with single structural chemicals, and modification of noncova-
protein and 2130 copies of helical lent immune stimulation
symmetry

5 M13 bacteriophage 7 nm in diameter with helical symmetry DNA and RNA delivery, also platform for
at the length of 900 nm. functionalization

6 Sulfolobus islandics rod-shaped vi- Shape is rod, length is 900 nm, and Chemical conjugation

rus 2 (SIRV2)

diameter is 23 nm with single structural
protein with helical symmetry
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polar and nonpolar moieties, incorporated in an enhanced, rather an exact way for the assortment of sizes, the inside,
outside, and extremities that are at the developmental process.

Indeed, capsid proteins self-assemble and orient into several nanoscale multivalent architectures, viz., icosahedrals, or
any 3D structural symmetry of high mono-disparity. Particularly, PVs afford several protein interfaces between CP
subunits to realign extraneous protein molecules with the inherent interacting properties resulting in a multivalent ligand
connection of particles, which account for infusion, controlled self-assembly, encapsulation, and biomineralization, as
well. This facilitates the utilization of viruses as an apparatus to be used for multidisciplinary applications (Zhang et al.,
2018).

Viruses have distinct surface properties, which may be customized to accomplish the ideal capacity by hereditary
building or concoction conjugation, or a mixture of both, permitting the exact nanoscale control of a VNP structure and
sustaining capacity. If the prospect of material science is considered, VNPs can easily be produced in small numbers,
interestingly being synthesized in the laboratory. The resulting particles are monodispersing, generally symmetrical, and
polyvalent. Most viral capsids, utilized till now, were either rod-shaped or icosahedral. The average particle size of an
icosahedral is 18—500 nm with the filamentous (rod-shaped) shape reaching up to 2 pum in length. VNPs are classically
robust by nature. The essential capacity of the capsid is to encase and protect the nucleic acids, expanding their protection
from temperature and pH boundaries. VNPs additionally retain the stability in the scope of dissolvable mixtures of buffers,
which is fundamental for chemical alteration(s).

i. In the principle of construction, there are a plenty of paths in engineering a virus: viz., the entire genome can be manip-
ulated, or changes can be introduced in the specific coding sequences of a nucleic acid meant for viral structural pro-
teins for having changes to the structure and functionality of the virus per a specific “application requirement.”

ii. The structural functionalization externally for the conjugation or immobilizations is an additional feature with VNPs.

iii. The encapsulation processes to utilize these viral capsids molecular cages to entrap small molecules are facilitated.

Nanomachines

These are mechanics that serve as the cascades of chemical reactions or electromechanical systems, in the range of micro/
nano dimensions (10~ m). Indeed bacteriophages, having been replicated in hosts and released in numerous exact copies,
are of nano-sizes with abundant biologic entities, which enable those as efficient nanomachines. The bacteriophage M 13 of
the bacterium Escherichia coli is genetically, biochemically, and biophysically well studied (Hemminga et al., 2010). This
phage is typical with a filamentous particle of the length of 900 nm, and the diameter is approximately 6.5 nm. Its
hexagonal protein coat contains the single-stranded viral DNA genome of 6407 nucleotides; it lends itself to several
interdisciplinary technologies through genetic modifications. Blithely, the fabrication of supramolecular nanostructures via
self-assembly molecules enables the utilization of the phage as a tool for tissue engineering, with the generation of VNPs
that have earned enormous importance in modern therapeutic development cascades. Thus, the M13 phage had been
utilized for the development of optical, conducting, semiconducting, and magnetic materials.

Bionanomaterials from plant viruses

Several broad types of PVs have VNPs, which are not enveloped, but comprise only one or numerous kinds of subunits,
organized either with icosahedral or helical symmetry around a genome; plant viral particles can be created in enormous
amounts in plant cells. A PV capsid could be manipulated genetically and chemically or along with viral CPs (Zhang et al.,
2018). PVs with the requisite properties are safely used for the intended modifications according to the therapeutic de-
mands, since those are nonantigenic or nonpathogenic to animals and humans (Table 3.2).

X-ray analysis of viral nanoparticles

Indeed, through X-ray crystallography of a virus, 3D atomic structures are improved, and the viral life cycles are well
understood; eventually, the development of antiviral drugs is pursued. The advancement of ultrafast X-ray free-electron
lasers opens the vast possibilities for the atomic-resolution imaging of replicable objects, like biologic cells, viruses,
nanoparticles, clusters, and single molecules perhaps, which enables achieving resolution(s) for a single-particle imaging
better than a few tens of nanometers values. The in situ analysis of small-angle X-ray scattering of palladium (Pd)
nanoparticles grown on tobacco mosaic virus (TMV) was reported; and the dissipated beams at small angles (under 2°) has
been recorded on a 2D charge-coupled gadget detector (Meents and Wiedorn, 2019).
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TABLE 3.2 Viral nanoparticle properties and their applications (Steinmetz and Manchester, 2011).

S.
No.  Plant virus Properties Applications
1. Tobacco mosaic virus Various properties of both exterior and surface, As biotemplate for fabrication, range of nano-
(TMV) because of various amino acid composition, tubular inorganic materials through metal
permit spatial and controlled statement of deposition of PbS, CdS, Ni, Co, Cu, Pd, Pt, Ag,
metals SiO,, TiO,, Al,O, etc.
2. Cowpea chlorotic (1) CCMV particles undergo reversible pH- (1) The particular epitome of an anionic
mottle virus (CCMV) and metal ion-dependent structural natural polymer, polyanetholesulfonic
transitions. These structural transitions are corrosive, into the CCMV confines
described as a swelling mechanism which
results in an approximately 10% increase (2) Particular capture followed by spatially
in virus dimension compelled mineralization of iron oxide
and polyoxometalate species, for example,
(2) Altering of the interior surface of the vanadate, molybdate, and tungstate inside
CCMV cage from cationic to anionic, with the CCMV particle
the resulting particles favoring the
encapsulation of cationic species
3. Brome mosaic virus It has been discovered that CP monomers (1) Viral cages with incorporated AuNPs and
(BMV) collect in vitro into unblemished VLPs and that QDs offer new instruments for biosensing
BMV, like CCMV, has a pH and a particle sub- applications, for example, following a viral
ordinate expanding system. Polyethylene glycol infection process
(PEG)-covered particles were found to give best
yields and result in the development of funda- (2) The utility of VLPs containing NPs for
mentally unblemished and stable BMV VNPs single infection spectroscopy has been
illustrated
4. Red clover necrotic The self-assembly process of the RCNMV The hybrid metal-containing VNPs may be
mosaic virus (RCNMV) capsid is well understood. The assembly of the used as tools for biosensing purposes or as
CP is stabilized by an internal protein/RNA building blocks for the construction of new
cage and is initiated with the recognition of the ~ nanostructured materials
origin of assembly site on the viral RNA by the
CP and results in the formation of virions with
encapsulated RNA
5. Cowpea mosaic virus (1) CPMV virions small particles evidently can  Permitting efficient attachment of a range of

(CPMV)

diffuse through the capsid

(2) CPMV wild and mutant particles show
diverse responsive gatherings on the
outside and inside surfaces, a wide scope
of specific science is accessible permitting
adjustment, notwithstanding standard (bio)
conjugation procedures

molecules such as carbohydrates, peptides,
polymers, and proteins as well as inorganic
particles such as QDs, nanotubes, gold nano-
particles and a few more

Virus-like nanoparticles

Virus-like nanoparticles (VLNPs) are the noninfectious protein shells or capsids with the basic protein capsid units, and
with the infectious, genetic material, they having been changed to be useful in nanomedicine. Some VLNPs from viral
diseases can be dismantled and reassembled in vitro, permitting the segregation from the irresistible nucleic corrosive outer
segment that would facilitate biosynthesis of VLNPs. The distinctive highlights of these biocompatible and biodegradable
nanoparticles are evenness, polyvalence, and unmatching monodispersion. Furthermore, the recombinant VLNPs are self-
collected from the heterologous articulation of basic proteins, with the unfilled inside cavity being manageable to both
hereditary and substance adjustments. VLNPs can be created from beneficial infections of host material or by a recom-
binant expression of protein. Indeed, in biomimetic approaches, viruses serve as suitable systems because of their intrinsic
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abilities to target host cells in the cytoplasmic delivery system. The surface designing of nanoparticles speaks to a
promising method to confer infection highlights onto particles, allowing changes in topology that mirror the harshness of
infections to encourage disguise to adjust the physicochemical highlights of cells to direct changes in size and charge to
impersonate the contamination pattern of infections/transfections of nanomaterials with the virus. The vectors display
chivalrous properties for consolidation of their capacities into a new age of developing bio-inspired engineered bearers,
explicitly through surface adjustments to arrange natural obstructions that hinder free medications and the basic nano-
particle definitions (Parodi et al., 2017; Shoeb and Hefferon, 2019).

Moreover, wiping out of the utilization of viral parts is basic for instigating subsequent contamination, accommodating
a more secure option in contrast to the utilization of infections as medication vehicles. This technique keeps on being filled
with concerns of immunogenicity and wellbeing. Profoundly, infections to make novel biomimetic-medicated conveying
stages can address a few confinements of the current nanoparticles and free medication plans, empowering the
improvement of viable and straightforward answers for the expanded intracellular conveyance of genetic loads. Utilizing
methodologies procured from infections, the developed agents have effectively shown the capability of impersonating
inherent highlights, conferring nanoparticles with the expanded capacity to stay away from opsonization and depart from
the endo-lysosomal pathways (Rohovie et al., 2017).

Self-assembling virus-like nanoparticles and virus-unlike nanoparticles

The utilization of self-assembling nanoparticles could adequately be joined by developing the control of a basic vaccine for
the greatest effect in the structure of vaccine antigens. The VLPs are made from single or different viral antigens, now and
again tied down in a lipid bilayer. Subsequently, utilizing the common or built-protein nanoparticle frameworks, biologists
would now be able to include heterologous epitopes/antigens on the plain nanoparticle, a boundless wellspring of
conceivable chimeric nanoparticle antigens. Chimeric nanoparticles would acquire through self-assembly or covalent
connection of the substance of an antigen to a nanoparticle. Therefore, nanoparticles offer an aggregate quality of several
restricting destinations and can give improved antigen constancy and immunogenicity against viruses. A few energizing
advances have risen recently, including preclinical proof that the system might be relevant for the improvement of in-
ventive new vaccines. Indeed, VLPs and nanoparticles are now ground-breaking entities for multivalent antigen intro-
duction, corresponding to a few self-collecting proteins, which have been effectively utilized as frameworks to introduce
complex surface glycoprotein (Lopez-Sagaseta et al., 2016).

Amphiphilic systems

The chemical moiety or a cascade of processing with a hydrophilic and lipophilic system is considered an amphiphilic
system, where the nature of molecules defines the way those are from the membranes, as those align themselves into
bilayers via positioning the inherent polar groups toward the surrounding aqueous medium and the associated lipophilic
chains toward the inside of the bilayer, sandwiching a nonpolar group between two polar ones (Xu et al., 2018). Hence, by
having both hydrophilic and hydrophobic parts on molecules in proteins, the building of the reputation of manipulation in
VNPs and the sophisticated engineering of VLPs through polymer vesicles, dendrimers, liposomes, and protein-based
nanostructures is confirmed (Kundu et al., 2018). Each of these systems has individual merits and demerits in terms of
biocompatibility, pharmacokinetics, toxicity, and immunogenicity, including QDs. Moreover, QDs can have multiple band
energies, long-lasting fluorescence, broad bandwidth absorption, and narrow bandwidth emission. Hence, a QD is quite a
promising attempt as imaging tools end up with the limitation of their cytotoxic nature. Moreover, dendrimers are simple
and low-cost entities to be synthesized without any host in vivo toxicity. The only platform currently approved for clinical
use is liposomes, which have shown promising advantages. The obvious approach for preparing VLPs via nanoparticles
via condensation of nucleotide chains, liposomes, and cationic polymers has been useful. However, the high levels of
transfection efficiency in a cell culture was displayed by polycation—DNA polyplexes, and simply polycation—DNA
polyplexes further did not satisfy the practical application in vivo (Raup et al., 2016).

Synthetic virus-like nanoparticles in vaccine design

The integument of nanotechnology in vaccinology has helped to push the limits of nonlive subunit immunizations,
bringing about several energizing, powerful, and invulnerable potentiations by nano-formulations. Thus, nanoparticle-
based vaccines could improve humoral reactions against the target antigens as well as the advanced cell-based resis-
tance with immunological memory. The nano-formulations are ready to give solutions toward several pressing and rising
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human ailments; the VNP-based vaccine could be frequently discovered as some simple procedure of the collaboration
elements between the invulnerable framework and infections in drug development. The nano-formulations are like a virus
and nanoscale pathogenic creatures that have filled in as specific weights driving the advancement of immunity. Human
insusceptibility and antibody systems keep on advancing, perceiving the central similarity between engineered nano-
particles and infections that may offer a clarification for the prevalence of nanoparticle immunizations over regular an-
tibodies and may spike some new plan of methods of reasoning for vaccine development cascades (Fig. 3.1). Overall,
vaccine nanotechnology is imagined to improve vaccine wellbeing, intensity, and accessibility, offering convincing stages
toward tending to the numerous general well-being threats yet to have compelling prophylaxis and treatment alternatives
(Chattopadhyay et al., 2017).
The episode X-beams, with energy of 12 keV, were illuminated as an example in a quartz capillary. The dissipated
beams at small angles (under 2°) had been recorded on a 2D charge-coupled gadget detector. Furthermore, in vaccine
design, artificial nanoparticles had shown a significant amplifying role along with improving their efficacy and safety over
conventional formulations (Sun et al., 2018). Several chemical and physical formulations of nanostructures are like viruses,
which are nanoscale materials carrying similar properties like antigens that provide selective stimulation and targeted
pressure driving the evolution of the human immune system. A comprehensive strategy of development of B cell—based
HCYV (hepatitis C virus) through envelope glycoproteins E1 and E2 was responsible for cell entry of HCV optimization and
nanoparticle display. Indeed, for the current pandemic of COVID-19, the world aimed at nanoparticle-oriented vaccines
initially because nanoparticle-based vaccines do not require additional chemical dubbed moieties to help stimulate the
immune framework. Since the adjuvant is an extra part that in a minority of cases can prompt insusceptible over-
compensation, consequently, without it, the fabricating forms become simpler and simultaneously diminish the unfriendly
impacts. The prepared AuNPs (gold nanoparticles) could serve for the preparation of antibodies as well as vaccines against
infectious diseases.

The development of AuNP-based vaccines by experimentally examining the protective properties of vaccines for
tick-borne encephalitis and other flaviviruses has been initiated. The vaccine was prepared by conjugating AuNPs
(average diameter of 15 nm) to the soluble antigen. Mice were vaccinated intraperitoneally three times, each at 32 ng of
antigen per injection. Several studies on AuNP-based vaccination and immunization have been utilized for such crucial
objects as foot and mouth disease virus and influenza virus, with some precise recognition of antibodies that were ob-
tained from the immunization of animals with 17 nm AuNPs coupled with pFMDYV and pH5N1 antigens of these viruses.
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FIGURE 3.1 Structural illustration of viral nanoparticle-based vaccine design.
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With AuNP/M2e + CpG conjugate vaccination, even after 15 months, the mice were able to produce M2e-specific an-
tibodies, so these mice remained protected against the lethal HIN1 influenza virus. The most effective and direct strategy
of aligning the nanomaterial as a vaccine is involved with optimizing band energy with biostability for recognition (Sun
and Xia, 2016). Synthetic biology could likewise coronate an immunization with a basic property of the strength. A
significant issue with the worldwide creation and delivery of immunizations is that those, by and large, should be
refrigerated. In any case, manufactured nanoparticle—protein frameworks could make those unquestionably more steady
than conventional vaccines, as the prospect of orientation would be involved.

Bacteriophage VLPs and vaccine development

Enormous platforms for vaccine development are available with the highly immunogenic VLPs, and the engineered
bacteriophage VLPs have diverse surface peptides (Nahhas et al., 2021). The described multitude techniques for VLPs in
vaccine discovery have opened alternative strategies similar to the filamentous phage display, while the identified
bacteriophage VLP-based vaccines from a massive library ended up with an epitope discovery of immunization at the same
platform (O’Rourke et al., 2015). In this connection, it could be concluded from earlier studies that HPV L2 epitope with
VLP expression had induced an effective approach for inducing higher protective neutralizing antibodies; hence it could be
protective for a large spectrum of diseases associated with HPV, namely, cervical and vaginal cancers, etc. It has been well
discussed on RNA bacteriophage VLPs for vaccine development, due to the inherent unique viral structure with a single
coat protein and the ability to encapsidate the RNA as well as other foreign nucleic acids. Even VLPs developed with
bacteriophages have been known for their role to cure metabolic disorders, blithely. Similarly, a recent study demonstrated
bacteriophage VLP-based vaccines targeting PCSK9 (proproteinconvertassubtilisin/kexin type 9) could help reduce
morbidity-inducing levels of cholesterol and triglycerides. Thus, the vaccines can be used as an alternative to monoclonal
antibody-based therapy. Previous work had recorded that the viral AP205-VLPs from the RNA bacteriophage were useful
in the development of a novel and accurate epitope-based vaccine system with high immunogenicity suitable for protecting
from influenza infection (Crossey et al., 2015; Frietze et al., 2016; O’Rourke et al., 2015; Tissot et al., 2010; Tumban et al.,
2011).

Nanophytovirology

“Nanophytovirology” is an offshoot of nanotechnology dealing with distinctive strategies in the detection of viruses as well
as the diagnosis and environmentally friendly management of plant viral diseases. Indeed, controlling PVs in commercial
agriculture is a strenuous task. Numbers of techniques are used for virus detection, viz., electron microscopy, symptoms
determination seed transmission, and mechanical transmission, but those being insufficient, several types of polymerase
chain reactions (PCRs) such as the nested PCR, immuno-precipitation PCR, co-operational PCR, immunocapture PCR,
multiplex PCR, reverse transcription PCR, and real-time PCR are used for viral nucleic acids, apart from standard sero-
logical techniques including enzyme-linked immunosorbent assay, restriction fragment length polymorphism, tissue blot
immunoassay, transmission electron microscopy, phage display, and lateral flow devices (Pankaj, 2013). Additional
methods for virus detection including hybridization techniques are microarray, in situ hybridization, next-generation
sequencing, tDNA technique; and different amplification methods such as loop-mediated isothermal amplification,
helicase-dependent amplification, rolling circle amplification, recombinase polymerase amplification, and nucleic acid
sequence—based amplification are also known (Rastogi and Singh, 2019).

There are various methods for the detection of intact viral methods such as dynamic light scattering, fluorescence
microarray, flow cytometry, interferometry, surface plasmon resonance, quartz crystal microbalance-based detection, and
electrical conductance methods such as nanowire detection and conductometric sensor (Cheng et al., 2009). Indeed, the
prospective uses and playbacks of traditional techniques such as microfabrication and nanotechnology are enormous.
These include simplicity, enlightening the viral detection limit, which improves the ability to produce the desired type of
viral analysis (Cheng et al., 2009). The development of nanophytovirology offers several unprecedented advantages,
including carbon nanotubes, nanobiosensors, nanoherbicides, nanopesticides, nanofertilizers, and nano-based smart drug
discovery systems. However, there are a few challenges seen in the path for drug development, such as the due devel-
opment in the application of nanomaterials in plant viral disease identification, diagnosis, and management. As it is,
nanoparticles are ultra-small in size and highly reactive, offering an advantage to the activity of viruses that might be
affected (Khan and Rizvi, 2014). A rapid diagnostic tool would be necessary for the detection of viruses. Thus, the simple
approach of nanotechnology would be used directly on seeds or foliage in the soil to defend plants from virus attacks
(Khan and Rizvi, 2014).
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CRISPR and RNAI are techniques to generate PV resistance. These are dsSRNA-mediated mechanisms, which increase
sequence-specific gene silencing at the posttranscriptional level. To overcome the challenge of addressing the uncertainty,
the apparent dsSRNA was sprayed on plants toward a practical application (Mitter et al., 2017), which demonstrated that
dsRNA would be loaded on clay nano-sheets, which remain nontoxic and as degradable layered double hydroxide nano-
sheets. Indeed, the CRISPR tool had come up with better advantages than dsSRNA (Nalla and Shah, 2021). It induces
permanent and irreversible genome modification, whereas dsRNA induces control of gene expression temporally. The
challenges addressing CRISPR gene editing are the following: (i) technically it is time-consuming and labor-intensive, (ii)
it could lead to the formation of the new Geminivirus variants, and (iii) the delivery of CRISPR tools into living plant cells
is a tedious process (Kalinina et al., 2020). The use of QDs is an attractive alternative to fluorescent dye to detect viruses
due to small emission spectra and more efficient luminescence (Duhan et al., 2017). A QD-FRET-based biosensor was
developed to detect the plasmodiophorid Polymyxabetae. It is the single recognized vector of the beet necrotic yellow vain
virus (Safarpour et al., 2012). Cadmium selenide quantum dots (CdSe-QDs) are used to detect the banana punchy top virus
in a single amplification (Majumder et al., 2020).

Another set of major challenges is the trophic transfer of nanoparticles, toxicity, and biosafety of human health as
well as the environment. Cellular toxicity of nanoparticles might lead to unwanted side effects, as membrane damage
and an increased ROS generation concomitantly plant and human metabolism would be disturbed (Jazayeri et al., 2016).
The main challenge associated with nanotechnology is to investigate the synthesis mechanism and cost analysis of the
final product. A significant trend, in further development, is the production of nanomaterials on a commercial scale and
their use in large-scale field applications for disease control. Nanophytovirology has immense potentiality to generate
new approaches for “disease imaging and management.” Nonetheless, it is in its infancy. Future studies are needed to
focus on interactions between nanoparticles and plant cell walls. Moreover, further improvement and adaptation of all
these technologies could enable scientific communities across the globe to manage better practices for the detection of
PVs.

VNPs are recommended as a coveted option for cargo delivery of some pharmaceutics for the following reasons:
(i) biocompatible, biodegradable, natural existence carriers, (ii) easy to transfer in drug delivery carrier, (iii) high stability
and dynamism as carriers easily conjugating with proteins, and (iv) noninfectious to mammals (Czapar and Steinmetz,
2017). Viruses are effectively altered by genetic engineering principles to produce unique cancer-targeting imaging protein
agents by integrating various agents such as fluorescent dyes and/or aiming moieties. VNPs with extraordinary discrim-
ination specifically for the target of cancer-specific molecules could be formulated in utilizing in vivo screening for
cancerous cells. VNPs seem like a key platform for engineering for the development of various drugs with imaging
molecules and pointing ligands, the ancillary methods sought during drug locating. Thus, among the standard treatments of
cancer and the targeted therapies, it could be the supreme way with fewer side effects as the delivery by the “cargo drug
delivery system” (McCarthy and Weissleder, 2008).

Nowadays, the prodigious impact of nanotechnology on nanomedicine has been seen. Nanoparticles synthesized with
plants are well known for the inherent effectivity in cancer treatment as plant VNPs. Several functional changes have been
done so that those could be easily absorbed by cancer-affected tissues. Furthermore, computational modeling is the
constructive approach to create the plant VNPs as anticancer druggable candidates. Plant VNPs offer an economical
approach for pinpointing cancer-affected cells and transporting various drugs (Ohadi Rafsanjani et al., 2012). VNPs are
created in various dimensions, and configurations involving viruses are remarkably symmetrical and uniformly arranged in
VNPs. Furthermore, PVs (Fig. 3.2 and Table 3.3) would be functionalized for various nanomedicine applications in the
future (Mukherjee et al., 2020).

Formulation of plant virus nanoparticles

Viral capsids are altered by several genetic modifications, addition/deletions of amino acid sequences with various
functionalities, followed by modified functional groups added over virus capsids. The manipulation permits bioconjugation
for the fluorescent-based dyes, targeting peptides in designing the coveted molecules such as drug molecules.

Additionally, azides (—N3) and alkynes (C—C triple bond) are involved in incorporating requisite unusual amino
acids by additional conjugation strategies. Moreover, some unnatural amino acids, namely, a-aminoisobutyric acid, had
remarkable activity against bacterial strains (Nahhas et al., 2018). Micro-size cargo molecules are imparted into the
integral virus, which could hold on to the capsid by electrostatic affinity interactions (Table 3.4). Moreover, manip-
ulating the interlinkage of viruses and metal ions at the nucleated position by shape-repressed mineralization is reported.
In the end, protein virus coatings are made to conduct to self-assemblage throughout cargo molecules (Wen et al.,
2020).



Recent trends of viral nanotechnology: an overview Chapter | 3 39

FIGURE 3.2 (A, B) Alteration techniques of virus nanoparticles.

TABLE 3.3 Amphiphilic systems of viruses.

Virus Mode of assembly
CCMV Template
CCMV Template
CCMV Template

Entry and incorporation into cells

Types
DNA micelles
Lipid modified Gd™ chelators

PDMS nanoemulsion

Now exteriors of plant VNPs have been functionalized, and those would favorably be absorbed by cancerous cells;
innate PVs have been manifested for internalization into mammalian cells in the absence of any pointing moieties.
Moreover, fluorophore-bioconjugated nanoparticles of Sesbania mosaic virus (SeMV) were used in a study to see the
capability to enter into various types of mammalian cells. SeMV can enter these cancer cells, HeLa, MDA-MB-231,
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TABLE 3.4 Some standard functionality for bioconjugation.

S. The residue of amino
No. acid Functionality for bioconjugation Structures
1. Lysine residue Amine (=NH>) group
O
HoN
OH
NH,
Lysine
2, Cysteine residue Thiols (=SH) group
Cysteine
3. Tyrosine residue Phenol rings (aromatic rings containing —OH
group) 0
OH
NH
HO .
Tyrosine
4. Aspartic acid residue Carboxylic acid (~COOH) group
O
HO
OH
O NH,
Aspartic acid
5. Glutamic acid residue Carboxylic acid (—~COOH) group
(0] O
NH,

Glutamic acid

HepG2, and NIH/3T3 cells; it has an affinity toward the cell MDA-MB-231, particularly. Similarly, TMV-, CMV-, and
SeMV-mediated nanoparticles were demonstrated to interact with vimentin protein on the outside of the mammalian
cells. The vimentin protein present in the cytoskeleton responsible for cellular structure has been well known for
exploitation as a host linkage protein for the control of various infectious agents. Furthermore, cancerous cells have
shown the highest amounts of vimentin on cell surfaces. Cowpea mosaic virus (CPMV) (Beatty and Lewis, 2019) and
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TABLE 3.5 Plant virus delivery system.

S.
No.  Plant virus Delivery system Biologic delivered References

Icosahedral plant viruses

1. Cowpea mosaic virus Particles and empty virus Not relevant Shoeb and

2. Red clover necrotic Protein cage coated by the virus has combined Doxorubicin (Hzgf;%r)on
mosaic virus nearby anticancer drug cargo

3. Tomato bushy stunt virus Protein cage coated by virus has compressed anti- Not relevant

cancer drug or drug covered through drug at
outside of the cage

4. Hibiscus chlorotic ring- Protein cage coated by virus has accumulated Doxorubicin
spot virus nearby cargo of anticancer drug
5. Johnson grass chlorotic During in vitro assembly nanocarrier loaded with Doxorubicin
stripe mosaic virus anticancer drug
6. Sesbania mosaic virus Fluorophores coupled with a surface of the virus Fluorophores may be
particle imaging cancer

Rod-shaped plant viruses

1. Tobacco mosaic virus Drug conjoins to outside of virus nanoparticles Doxorubicin, Shoeb and
phenanthriplatin Hefferon
L . o . . . (2019)
2. Papaya mosaic virus A particle that is like viruses are accumulating No drug required
3. Potato virus X The drug leads to binding with potato virus X Doxorubicin

in vitro or else transported all together with the un-
covered nanoparticle of potato virus X

SeMVs were demonstrated in getting entry into mammalian cells by the endocytosis pathway; this had proved that
vimentin-like surface protein is essential in incorporation of the PV (Vishnu Vardhan et al., 2019). In recent years, the
field of viral drug delivery has made great progress. Genetic insertion and chemical conjugation techniques employ some
conventional methods (Chung et al., 2020). Currently, VNPs are accepted as the highly appropriate system for trans-
porting drugs toward the cancerous tissue (Table 3.5). Indeed, the penetrability of PV nanoparticles was transformed
through altering the pH and ionic strength as an incredible benefit to using as a drug delivery platform.

Bacteriophage-based nanoparticles

Several bacteriophages as icosahedral bacteriophages, namely, P22, HK97, T7, Qp, and MS2, well-known head-tail pages,
and without any tail P22, T7, as well as M13 phage, could be used in vitro for the development of VNPs. All VNPs had
been used in cancer treatments, as those easily penetrate the human cell wall. Consequently, some animal viruses such as
adenovirus and canine parvovirus-icosahedral animal virus and the icosahedral insect viruses and the flock house virus
were employed as VNPs (Grasso and Santi, 2010). Moreover, by converting animal viruses and bacteriophages to VNPs,
the generated recombinant DNA technologies plentifully have been used with types of vectors according to the respective
host, and these VNPs were useful in treatments of various kinds of cancer cells.

Nowadays, viruses are being used for nanomaterial fabrications, and PVs are suitable moieties for nanomaterial
synthesis. Nanoparticle-mediated PVs are considered as having distinctive features, and those lend themselves to novel
opportunities for the use in industrial and biomedical sectors (Fig. 3.3). Several features of the biotemplate of nanomaterial
fabrications are described in detail. Additionally, drug delivery is a new avenue in the ever-growing pharmaceutical sector.
PV-mediated nanoparticles are usually stable for individual structural-physical characteristics. Moreover, PVs are less
infectious in comparison to mammalian viruses. In the packing of the viral particles, the drug delivery system has been
encapsulated with the viral genome for blocking viral propagation (Calzoni et al., 2019; Singh and Lillard, 2009).
Consequently, a few more viral particles and associated proteins are being treated in this drug delivery cascade. Likewise,
proteins covalently attached to drug molecules in viral capsid have actively been participating in the drug delivery process,
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Tumor-
target

FIGURE 3.3 Schematic representation of nanomaterial fabrication.

duly ensuring chemical alteration and conjugation methodologies (Rohovie et al., 2017). Concomitantly, the encapsulation
of the drug molecule is another feasible method of charge exchanges of negative to positive, viral capsid, and electrostatic
interaction with viral RNA (Din et al., 2017; Perlmutter and Hagan, 2015).

The vaccination of cancer is the current prospective approach for the development of tumor-associated antigens (Guo
et al., 2013). Indeed, PVs have repetitive protein structures, which trigger the development of vaccines (Hollingsworth and
Jansen, 2019). These further activate immunotherapeutics of the body as the innate immunity, which suppresses the
resistance of micro-environmental cancer as stimulating adaptive immunity. Moreover, episodes of cancer, namely, breast,
colon, ovary, and a few more, have inhibitory properties, as reported. Furthermore, the viral carrier particles used as
markers of surface tumors remain attractive to delivery of the drug with an accuracy of diagnosis and imaging tendencies
(Hollingsworth and Jansen, 2019; Hosu et al., 2019). These have been further examined as neurodegenerative, infectious
diseases, and a few more. Indeed, virus particles have the novelty as avenues to treating antiinflammation-related
conditions.

Recently, viral particles have been recognized as upright techniques in growing biomedical sectors. These entities have
high specificity and could reduce cost and time for validation of bioavailability and level of toxicity. Now, magnetic
resonance imaging is an in vitro technique to illustrate several structures of the capsid with adopting macro-molar facilities
to boost the image contrast and sensitivity. It has photodynamic properties with generating multimodal clarity of images
(Hosu et al., 2019). Moreover, the detection of inorganic and biologic compounds by viral particles is a novel approach;
particularly, the TMV (tobacco mosaic virus) is known as a carrier of the sensor in volatile organic compounds. Moreover,
TMV is obliged as a convenient frame for harvesting light arrays. Likewise, its encapsulated enzymes mimic the proteins
of virus particles in cell environments.

Future perspectives

Recently, a pandemic situation has been caused by the coronavirus (COVID-19), along with the consequent drastic
economic recession (Sahoo et al., 2020c), even from its newer Omicron variant today. The development of newer drug
candidates or vaccines has been the call of the day, for the last 2 years. Moreover, the anticipated advanced nanotechnology
could have hope with several benefits, namely, wastewater treatment, textile industries, antimicrobial properties as well as
anticancerous properties (Sahoo et al., 2020a; Turakhia et al., 2018, 2019, 2020), and antifungal, antiviral including
anticoronaviral vaccines/drugs, and a few more. Indeed, the clinical establishment of prudent candidates with the elimi-
nation of side effects is vital in the improvement of the healthcare scheme, in general.

Conclusion

Purposefully, VNPs as exuberant nanocarriers could bring greater attention in the biomedical sector. The assemblage of
a central protagonist as endeavors of “vaccination technology” and “cancer therapy” would be the prospects.
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Additionally, VLNPs are noninfectious protein shells/capsids, with infection-causing basic proteins for interactions with
host cells, which might be useful in the current nanotechnology sector as specific agents in the diagnostic and thera-
peutic treatments.
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Introduction

Nanotechnology is a rapidly growing and one of the promising tools for biology as it is concerned with the synthesis of
particles ranging in size from 1 to 100 nm. Dry, wet, and computerized nanotechnology are subsets of nanotechnology. Dry
nanotechnology work deals with physical, chemical, and surface science, such as the fabrication of structures. Wet
nanotechnology is concerned with the study of biological systems, whereas computational nanotechnology is concerned
with the modeling and simulation of biological systems (Sinha et al., 2009) (Fig. 4.1).

Nanotechnology broadens the scope of investigation by creating nanoscale particles, also known as nanoparticles. It can
be used to investigate biological processes (Sondi and Branka, 2004) and biomedical sciences (Hiitten et al., 2004) because
they are analogous to the majority of biological molecules and structures. At the cell level, nanoparticles act as a bridge by
regulating the interaction between synthetic materials and biological systems (Du et al., 2007). In addition, it has a key role
in drug delivery, diagnostics, imaging, sensing, gene delivery, artificial implants, and tissue engineering (Morones et al.,
2005). It has also been used in the development of environmentally friendly material synthesis technologies (Bhattacharya
et al., 2005). Nanoparticles can be found naturally or created through nanotechnology. They can be synthesized via organic
or inorganic compounds, whereas, in nature, it has been discovered in the earth’s crust or through the weathering of Au
(gold) deposits (Sinha et al., 2009). Nanoparticles are very complex molecules. It is made up of three layers, which are as
follows (Shin et al., 2016) (Fig. 4.2) (Table 4.1).

1. Surface layer: This is made up of a variety of unique compounds like metal ions, emulsifiers, polymers, surfactants, etc.
2. Shell layer: This is chemically and physically distinct from the core.
3. Core layer: This is the central element of nanoparticles.

Nanoparticle size, shapes, and structures impact their reactivity, durability, etc. properties. Heavy metal nanoparticles,
such as lead, mercury, and tin, have strong properties, which complicate decomposition and increase environmental
hazards (Khan et al., 2019). As a result, it is necessary to develop nonheavy metal materials that are not hazardous and can
be easily decomposed (Bhattacharya et al., 2005).

Nowadays, there is an increase in research on the synthesis of nanoscale metals using chemical, physical or green
synthesis methods (Wang et al., 2007; Horwat et al., 2011). Each procedure has its own specific benefits and drawbacks.
Alsammarraie et al. (2018) utilized green synthesis methods to gradually replace the physical and chemical methods due to
their safety, cost-effectiveness, and environmental friendliness (Fig. 4.3).

Biological/green synthesis of nanoparticles

Green synthesis is an environmentally friendly, safe, and cost-effective method that has different ways to eliminate toxic
waste, reduce energy consumption, and increase the use of ecological solvents. They can be synthesized from plants,
bacteria, and viruses or their byproducts, such as proteins and lipids, using various biotechnology tools (Zhang et al.,

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00021-6
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FIGURE 4.2 Schematic of nanoparticles layers.

2020). Plant components such as fruits, leaves, stems, seeds, flowers, bark, and so on are used in the production of
nanoparticles because they contain a variety of beneficial elements, including bioactive compounds (Nathani et al., 2021).
In an environmentally friendly standard biosynthesis pathway, bioactive compounds in plants could enhance the con-
version of metal ions into biologically active nanoparticles (Munir et al., 2021). However, there are problems with the
green synthesis of nanoparticles such as reaction time and quality of the final product due to the purity of extracted raw
material. Nanoparticles can be synthesized using either a bottom-up or a top-down approach. The bottom-up approach will
be primarily used in biologically based nanoparticle synthesis (Fig. 4.3). For the green synthesis of metallic nanoparticles
(MNPs), three steps are followed (Fig. 4.4).
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TABLE 4.1 Representative example of the biological synthesis of nanoparticles from medicinal plants.

Plant name

Tribulus terrestris L.

Tribulus terrestris
Mentha piperita
Sesbania grandiflora
Cinnamon

Justicia wynaadensis
Caesalpinia pulcherrima
Berberis aristata
Mussaenda glabrata

Cissus quadrangularis

Nyctanthes arbor-tristis
Rosmarinus officinalis L.
Boswellia serrata

Caria papaya

Cassia fistula

Cinnamon zeylanicum
Citrullus colocynthis
Citrus sinensis
Dillenia indica
Dioscorea bulbifera

Euphorbia prostrata

Lippia citriodora
Mentha piperita
Mirabilis jalapa
Hydrastis canadensis

Gelsemium
sempervirens

Phytolacca decandra
Thuja occidentalis

Iresine herbstii

Melia azedarach
Tinospora cordifolia

Trigonella-foenum
graecum

Withania somnifera

Part

Fruit
bodies

Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf

Flower
Leaf
Guns
Fruit

Steam
Bark

Bark
Callus
Peel
Fruit
tubers

Leaf

Leaf
Leaf
Flower
Plant
Plant

Plant
Plant
Leaf

Leaf
Leaf
Seed

Leaf

Nanoparticles
metal

Ag

Ag

Ag, Au
Ag

Ag
ZnO
Ag

Zn

Ag, Au

Zn
Fe
Ag
Ag
Au

Ag
Ag
A
Ag
Ag
A

Ag
Au, Ag
Au
Ag
Ag

Ag
Ag
Ag

Ag
Ag

Ag

Bioactivity

Antibacterial

Antibacterial
Antibacterial

Anticancer

Antibacterial

Antimiotic

Anticancer

Antibacterial, Antioxidant
Antimicrobial

Antifungal

Antifungal
Anticancer
Antibacterial
Antimicrobial

Antihypoglycemic

Antibacterial
Antioxidant, Anticancer
Antibacterial
Antibacterial
Antimicrobial

Antiplasmodial

Antimicrobial
Antibacterial
Antimicrobial
Cytotoxicity
Cytotoxicity

Cytotoxicity
Cytotoxicity

Antibacterial, Antioxidant, Cytotoxic
agent

Cytotoxicity
Antilarvicidal

Catalytic

Antimicrobial

References
Gopinath et al. (2012)

Gopinath et al. (2015)
MubarakAli et al. (2011)
Jeyaraj et al. (2013)
Premkumar et al. (2018)
Hemanth et al. (2019)
Deepika et al. (2020)
Chandra et al. (2019)
Francis et al. (2017)

Devipriya and Roopan
(2017)

Jamdagni et al. (2018)
Farshchi et al. (2018)
Kora et al. (2012)

Jain et al. (2009)
Daisy et al. (2012)
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Das et al. (2013)

Das et al. (2013)
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TABLE 4.1 Representative example of the biological synthesis of nanoparticles from medicinal plants.—cont'd

Plant name
Acalypha indica

Aloe vera

Alternanthera sessilis
Andrographis paniculata
Argemone maxicana

Cyclopia intermedia

Boerhaavia diffusa

M=

Nanoparticles

Part metal Bioactivity
Leaf Ag, Au Antibacterial
Plant In,O5 Optical properties
Leaf Ag Antioxidant, antimicrobial
Leaf Ag Hepatocurative activity
Leaf Ag Antimicrobial
Shrub Au Anticancer
Whole Ag Antibacterial
plant
Synthesis of Nanoparticles

v

v

v

Physical Method

Arc Discharge

Mechanical

Milling

lon Implantation

Electron beam lithography
Spray pyrolysis

Vapour phase synthesis

Toxic

v

Chemical Method

Sol gel process
Sonochemical method
Solvothermal synthesis
Prolysis

Electrolysis

Coprecipitation

Chemical reduction of metal

Toxic

References

Krishnaraj et al. (2010)
Maensiri et al. (2008)
Niraimathi et al. (2013)
Suriyakalaa et al. (2013)
Singh et al. (2010)
Aboyewa et al. (2021)

Kumar et al. (2014)
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FIGURE 4.3 Various approaches and methods for the synthesis of nanoparticles.

Selection of a solvent medium
Selection of an eco-friendly and environmentally benign reducing agent

3. Selection of nontoxic material as a capping agent to stabilize the nanoparticles

In general, green synthesis of MNPs is summarized as follows: getting plant extracts followed by mixing with metal
solution in specific conditions, reduction of metal particles followed by filtration and other steps to obtain nanoscale metal.
This green nanoparticle synthesis method has an advantage over other conventional methods, but we need to take care of
factors that are affecting the synthesis of nanoparticles (Singh et al., 2011; Mohanpuria et al., 2008).
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FIGURE 4.4 Synthesis of nanoparticles using green technology.

Key factors affecting the synthesis and stability of nanoparticles

There are several other important factors that affect the synthesis of nanoparticles, including pH of the solution, tem-
perature, concentration of the extracts used, concentration of the raw materials used, and size (Baker et al., 2013). The
following are some of the most important factors influencing nanoparticle biosynthesis.

pH: It is one of the important factors for the synthesis of nanoparticles using green technology because researchers have
found that pH influences the size and texture of nanoparticles (Soni and Prakash, 2011).

Temperature: It is another important parameter for the synthesis of nanoparticles in all three methods. Each method
requires a different temperature, such as physical methods requiring >350°C, chemical methods requiring <350°C, and
green technology requiring 100°C or ambient temperature (Rai et al., 2006).

Pressure: It is also influencing the shape and size of synthesized nanoparticles (Pandey, 2012). The rate of reduction of
metal ions depends on pressure, temperature as well as biological agents (Tran et al., 2013).

Time: In green nanotechnology, the quality of nanoparticles is influenced by the length of time. Variations in time have
an effect on particle aggregation or shrinkage (Baer, 2011).

Particle shape and size: It’s very important to determine the properties of nanoparticles. When the size of the
nanoparticles reaches the nanometer scale, the melting point should be decreased, which makes the transformation of their
shape easy (Akbari et al., 2011).

Environment: Nanoparticle quality is also affected by the surroundings of nature. This also affects the physical
structure and chemistry of the synthesized nanoparticles. In many environmental conditions, nanoparticles get oxidized and
become core-shell nanoparticles quickly by absorbing or reacting with other materials (Sarathy et al., 2008).

Proximity: When nanoparticles come into contact or near other nanoparticles, then alteration in the properties of
nanoparticles is observed (Baer et al., 2008). This alteration in the properties leads to more tuned nanoparticles.

Other Factors: Secondary metabolites from the plants act as reducing and stabilizing agents in the synthesis of
nanoparticles. This can shed light on the path that nanoparticle quality can vary depending on the type of plant, plant part,
and extraction procedure (Park et al., 2011). It also depends on intracellular and extracellular enzyme quantities
(Haverkamp et al., 2007). Not only that, every step during the synthesis of nanoparticles can influence the quality and
quantity of nanoparticles.

Green synthesis of Au, Ag, and other nanoparticles
Green synthesis of Au (gold) nanoparticles

The typical green synthesis of Au NPs involves reducing gold ions with reducing agents derived from plant extracts or
microorganisms. Soaking the plants in the solvent will yield an extract under suitable conditions. After that, the extract will
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be mixed with the solution containing gold ions, which will turn the solution red. This red color of the solution indicated
the production of Au nanoparticles (Smitha et al., 2009; Jafarizad et al., 2015; Vijaya Kumar et al., 2019). Spheres are the
most common shape of green-synthesized Au nanoparticles followed by triangle and hexagon shapes. Paul et al. (2015)
found Au nanoparticles in spheres and triangle shapes with varying diameters of 10—50 nm. However, when Jafarizad
et al. (2015) used pelargonium, all of the Au nanoparticles were found in sphere shapes. Chloroauric acid concentration
influences the Au nanoparticles in green synthesis (Ahmad et al., 2016). Researchers have explored Au nanoparticles as a
catalyst. It is also documented that Au nanoparticles are used as diagnostic and therapeutic agents in the medical field (Lee
et al., 2020). It is also used in antibacterial activity to deliver hydrophobic and hydrophilic drugs, peptides, and small
molecules to the target site. It is also used in therapeutic moieties to exhibit enhanced anticancer effects (Sulaiman et al.,
2020; Mugaka et al., 2019; Shikha et al., 2020; Singh et al., 2011; Thakkar et al., 2010).

HAu"Cly 4H,0 + plant extracts — Au Nanoparticles + byproducts

Green synthesis of Ag (silver) nanoparticles

The typical green synthesis of Ag nanoparticles procedure is the same as Au nanoparticles except for the mixing solution.
After extracting, it will be mixed with silver nitrate and Ag nanoparticles are produced when the solution turns a brownish
color (Khatami et al., 2018; Hemmati et al., 2019; Rautela et al., 2019; Rahimullah Shaikh and Bhend, 2019; Yu et al.,
2019). Spherical, triangular, and hexagonal are the most common green-synthesized Ag nanoparticle shapes (Ping et al.,
2018; Kumar et al., 2017b; Arokiyaraj et al., 2017). The stability of the green synthesized Ag nanoparticles depends on the
plant extract, pH, and temperature. Increasing the stability of nanoparticles is a very crucial factor during the synthesis
process. Researchers have explored various application processes of Ag nanoparticles such as catalysts and microbial
growth inhibitors. Nayem et al. (2020) reported that Ag nanoparticles show good inhibitory effects on gram-positive as
well as gram-negative bacteria. It has been used not only in the medical field but also in electronic devices as a photo-
catalyst, water purification, production of paints, disinfectants, kitchen appliances, and cosmetic industries (Kareem
et al., 2020; Khatami et al., 2018; Rautela et al., 2019). Ag nanoparticles have a place in anticancer, antiviral, antifungal,
and antibacterial therapeutic applications (Du et al., 2007; Markus et al., 2016; Lee et al., 2020; Tripathy et al., 2010).

AgNO3 + plant extract — Ag nanoparticles + byproducts

Green synthesis of other nanoparticles

The procedure for the synthesis of other metal nanoparticles will be the same as above. Cu (Copper) nanoparticles are not
directly synthesized from simple copper salts but they require capping agents. The capping agents like surfactants control
the size of the nanoparticles (Shende et al., 2015). It has a wide range of applications, including strong antimicrobial agents
that can be used as disinfectants against infectious organisms (Anadozie et al., 2021). These nanoparticles are synthesized
using citron juice. Citron juice synthesis of Cu nanoparticles is so simple and inexpensive that it is worthwhile to use on an
industrial scale (Shende et al., 2015; Ramanathan et al., 2013).

CuSO4 5H,0 + Plant metabolites — Cu nanoparticles+ byproducts

Pd (Palladium) nanoparticles are a precious high-density metal that is commonly used in medical diagnostics, catalysts,
and biosensors. Various plant parts are used to synthesize the Pd nanoparticles. In 2017, Turunc and his team observed that
the size of Pd nanoparticles was smaller than those prepared using synthetic agents.

Pd(CH3COO); + Reducing extract — Pd + 2CH3;COOH

Zn (Zinc) nanoparticles have been discovered to be useful in food packaging and wastewater treatment. Zinc nitrate is
required as a metal solution to produce Zn nanoparticles. It is very well known for antimicrobial and anticancer activities
because Zn nanoparticles are found comparatively toxic against microorganisms, compared to all other metal nanoparticles
(Sangeetha et al., 2011).

Zinc nitrate 4 Plant extract — ZnO nanoparticles + byproducts
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Medicinal plants used for nanoparticles green synthesis

In recent years, India has seen an increase in the trend of herbal-based products. This uprising is the consequence of public
faith in Ayurveda and herbal products. This trust stems from an understanding of the adverse effects of chemicals derived
or synthetic antimicrobial compounds on human health (Srivastava et al., 2014; Chandra et al., 2017).

As a result, in order to avoid toxic side effects, people are turning to natural medicinal plants that have already been
mentioned in ancient literature. Researchers from various countries have shown metal nanoparticles to have therapeutic
properties. Thus, a new era of nanomedicine is emerging, and the use of medicinal plants will benefit enormously from
their use in the formatting of MNPs (Muhammad Mailafiya et al., 2019). Medicinal plants have an extra advantage over the
other method for green synthesis. Because in the case of microbes it’s required a multiple steps processes (isolation of
potential microbe, specific culture preparation and subculturing, maintenance of the culture, etc.) to synthesize nano-
particles for applications. When this is compared with the plans various parts of it such as leaves, roots, stem, bark, flower,
fruits, and seeds can act directly as reducing and stabilizing agents, which can be further mixed with the desired metal
solution such as titanium oxide (TiO5,), silver nitrate (AgNO3), and other metal solutions (Jha et al., 2009; Bar et al., 2009;
Akhtar et al., 2013; Chandra et al., 2020). Various studies have reported the use of the green synthesis of nanoparticles
from medicinal plants. Some of them are as follows.

Green synthesized nanoparticles have higher antimicrobial activity than the other nanoparticles. This activated anti-
microbial activity could be the result of the synergistic action of a few proteins that function in capping and then stabilizing
the biosynthesized nanoparticles (Roy et al., 2019).

Present knowledge/insights into the biological activities of green nanoparticles

Nanotechnology is highly urged for the future perspective because of the green synthesis process, cost-effectivity, and less
toxicity. There has been much research work published and/or process about the MNPs in broad-spectrum propensity such
as antioxidant, antidiabetic, biomedical devices, anticancer effect, antimicrobial agents, biomarker mapping, molecular
mapping, tissue regeneration, regeneration materials, drug delivery, detection diagnosis, etc (Habeeb et al., 2022). With the
advantage of green synthesis, there have been many challenges that need to be improved such as low yield, nonuniform
particle size, stability of the nanoparticle dispersion, seasonal and regional availability of raw materials, etc (Guan et al.,
2022). Although there are broad-spectrum of evidence in the literature published on green synthesized nanoparticles, they
lack information regarding their fate in vivo. Literature studies reveal that various experiments have been done on bio-
logical models to check the toxicity of the nanoparticles but yet none has sufficiently established the exact mechanism
involved in their toxicity. Hence, it’s highly recommended to put efforts into assessing the efficacy of these nanoparticles in
clinical research. Then only we can come up with a better approach that can make our nanoparticles into conventional
medicine, with the benefit to overcome the many challenges associated with the present-day standard modes of treatment
(Aboyewa et al., 2021).

Safety assessment for uptake, biocompatibility, and cytotoxicity of green
nanoparticles

In the recent era, plant-mediated synthesis of nanoparticles has gained widespread attention, an emerging branch known as
phytonanotechnology. Phytonanotechnology as an upcoming science has numerous advantages, in terms of scalability,
biocompatibility, cost-effectiveness, and application in medicine, among others (Noruzi, 2015; Singh et al., 2016). The
availability of plant tissues and comparatively safe profiles comprise the ideal properties for nanoparticle synthesis from
plants. While several studies have documented the successful synthesis of plant-based nanoparticle synthesis, the factors
involved and the mechanisms of synthesis still remain to be elucidated. In different plant species, different mechanism of
nanoparticle synthesis has been reported (Baker S et al., 2013). The synthesis of MNPs via biological means exhibits safe
profiles and improved biocompatibility, and defined new paradigms in the synthesis of nontoxic, scalability, biocom-
patibility, and well-defined structures, among others. Moreover, advances in synthetic biology and its application in the
development of tailored MNPs have been extensively explored by researchers across the globe (Giessen and Silver 2016;
Maddinedi et al., 2017).

The biological synthesis and wider application of nanoparticles have witnessed considerable success, however, safe
parameters and challenges with uptake, biocompatibility, and uptake still imply the key concerns. In biological organisms,
cell membranes are semipermeable and permit the passage of small ions/molecules while hindering others. The
communication between the cells and nutrient uptake occurs through multiple mechanisms. The nanoscale biomolecules
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enter the cell via endocytosis, the process in which the biomolecules in encapsulated into transport vesicles driven by a
plasma membrane (Conner and Schmid, 2003). Studies have reported the uptake of engineered MNPs across plasma
membranes of different cell types, including human mesenchymal stem cells (Greulich et al., 2011), human alveolar
epithelial (Park et al., 2007), and human epidermal keratinocyte (HEK) cells (Monteiro-Riviere et al., 2013). However,
different reported mechanisms of uptake contradict each other, necessitating an in-depth understanding of intracellular
trafficking and uptake mechanism of NPs (Ahmad et al., 2018). The physicochemical properties, namely, surface
chemistry, shape and size, and charges on the surface are key factors responsible for the cellular uptake of MNPs (Car-
novale et al., 2019). Moreover, the endocytotic processes involve in the MNPs uptake comprise (1) pinocytosis (2)
phagocytosis and (3) clathrin-mediated endocytosis (Nel et al., 2009; Verma and Stellacci, 2010; Ishimoto et al., 2008).
The pinocytosis process (in all cells) functions in particle uptake of different sizes. A mammalian cell (neutrophils,
monocytes, and macrophages), carries out the process of phagocytosis, which engulfs solid substances (diameter
>750 nm) and forms phagosomes, and is employed in the uptake of nanoparticles in the cell (Ishimoto et al., 2008). The
clathrin-mediated endocytosis is required for active uptake and nanoparticle internalization with a smaller diameter
(<100 nm) (Harush-Frenkel et al., 2007; Li et al., 2008) and fuses with endosomes (Zhang et al., 2009). The different
nanoparticles undertake specific mechanisms for entering the cell. When the gold nanoparticles are incubated with HeLa
cells in the growth medium, the serum protein is adsorbed on the gold NP’s surface toward cells via receptor-mediated
endocytosis (RME) (Khan et al., 2007). Moreover, the mechanisms of cellular internalization are changed when the
gold nanoparticles are encapsulated with different biological/organic molecules. The micropinocytosis pathway operates
for the uptake of positively charged nanoparticles and uptake of negatively charged MNP’s occurs by clathrin-mediated
endocytosis (Dausend et al., 2008; Van Haute et al., 2018). In recent times, nanoparticle-induced autophagy, various
MNP’s like silver, gold, and neodymium oxide is known to induce autophagy in multiple cells (Chen et al., 2005; Li et al.,
2010; Mishra et al., 2016).

Biologically synthesized MNPs and their biocompatibility

The information about the biocompatibility of synthesized MNP’s is of primary importance and is attributed to the
molecules which encapsulate the nanoparticle metallic core (Aditya et al., 2017). The different classes of biomolecules
such as vitamins, flavonoids, proteins, terpenoids, carbohydrates, and tannins, including others render different properties
of nanoparticles by regulating the net charge on the MNPs surface and it determines the MNPs mechanism of action
(Sendra et al., 2017). Moreover, the different biomolecules functions as free radical scavengers, reducing agents and
legends and binds to the MNPs metallic core (Sendra et al., 2017). The different types of cells exhibit varying levels of
tolerance against biologically derived biomolecules. In a quest to understand the potential of biomolecules to nullify the
toxicity of MNPs metallic core, studies into investigating the cellular models for the mammalian gene expression and its
epigenetic modulation via capped biomolecules were undertaken. For example, cell viability assay (in a cervical cancer cell
line (SiHa)) with tea polyphenols encapsulated platinum NPs and bimetallic Platinum-copper NPs showed the inhibition of
SiHa cell lines, cell—cycle arrest in the G2/M phase, and increased number of cells in GO death phase (Alshatwi et al.,
2015; Athinarayanan et al., 2016). In another study on Parkinson’s disease in zebrafish, the green platinum NPs reversed
the neurotoxicity induced by MPTP via the regulation of mitochondrial enzymes, namely, dopamine, glutathione, su-
peroxide dismutase, and glutathione peroxidase (Ganaie et al., 2017; Nellore et al., 2013). It is necessary to perform
research toward gaining knowledge on whether biologically synthesized MNPs metallic core induces epigenetic modifi-
cations. While the studies on the evaluation of MNPs and cytotoxicity-related biomarkers, namely, mitotic index,
micronucleus, ROS species generation, and cell death, showed that biological and chemical synthesized nanoparticles are
less cytotoxic and potent genotoxic, compared to Ag™ ions alone (Panda et al., 2011).

MNP-mediated cytotoxicity and its mechanism

Multiple MNPs with different chemical and physical properties induce ROS-mediated cytotoxicity. The in vivo and in vitro
induction of ROS-mediated cytotoxicity have been documented (Donaldson et al., 2001; Yang et al., 2009). Moreover,
studies have shown that MNP-mediated cytotoxicity is due to the generation of ROS and oxidative stress processes.
Nanoparticle-induced cytotoxicity is due to the following factors, NADPH-dependent.

Oxidation process activation, decrease in antioxidant enzymes, mitochondrial apoptosis, and perturbation in cell ho-
meostasis. The cell-signaling pathways are activated by the MNP-mediated formation of ROS, and transcriptional acti-
vation, leading to the transcription of genes involved in fibrosis, cancer, inflammation, and genotoxicity (Ahmad et al.,
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2018). For example, the overexpression of antioxidant enzymes leads to oxidative stress in biological systems, while
mitochondrial apoptosis occurs due to severe oxidative stress. The estimation of ROS provides a tool to access the MNPs
induced cytotoxicity (Ahmad et al., 2018).
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Introduction

The word “nano” refers to a billionth of a physical unit. Nanotechnology is a discipline of science that focuses on
nanoscale (Satalkar et al., 2016). It is a rapidly developing field that has gained popularity in the last decade due to its wide
range of applications (He et al., 2019). Nanotechnology is concerned with studying nanomaterials with sizes ranging from
1 to 100 nm and is defined as “the synthesis and application of materials to manipulate at the nanoscale using scientific
knowledge” (Calipinar and Ulas, 2019). In several industrial fields, nanotechnology is among the most cutting-edge at the
atomic and molecular levels. The materials produced have potentially unique properties related to their function and small
size (Kakakhel et al., 2021). Nanostructured materials can form nanoparticles, nanopores, nanocubes, or nanotubes, but
nanoparticles are among the first choice. They have grown in popularity in recent years. The primary reason for nano-
particle efficacy is their high surface-to-volume ratio and physicochemical and biological properties, making them an ideal
agent for performing various functions at the cellular and subcellular levels (Viswanathan et al., 2019). Particle’s chemical,
physical, and biological properties change dramatically at the nanometer scale. Because of their small size, nanoparticles
have enhanced properties that allow them to be used in many industries (Zhang et al., 2016).

Nanoparticles (NPs) are said to be raw materials employed in nanotechnology. Various raw materials (NPs) types
include copper, nickel, iron, gold, and silver nanoparticles (AgNPs). Copper has been researched for several purposes.
However, nickel nanoparticles may be crucial for biological functions (Magaye and Zhao, 2012). A category of nano-
materials called iron nanoparticles (FeNPs) is widely used in medical applications (Beheshtkhoo et al., 2018). Gold was
once exclusively recognized as a metal. However, as nanotechnology developed, it became clear that its physio-chemical
characteristics may make it a suitable material for forming gold nanoparticles. Gold nanoparticles attraction is due to their
chemical and biological characteristics (Kalimuthu et al., 2020). AgNPs stand out among other metal nanoparticles’
enhanced innate physical, chemical, and biological capabilities that vastly increase their value. Due to this versatility,
AgNPs hold the pinnacle position in nanotechnology. Silver has a long history of being used for its medicinal and
environmental benefits (Wongpreecha et al., 2018). AgNPs appear more biocompatible in comparison with traditional
medications. A higher level of biocompatibility provides more site-specific distribution, boosting therapeutic effectiveness
while reducing harmful side effects. As a result, AgNPs have enormous promise as medicines (Zhang et al., 2016).

With subjective evidence of the usage of colloidal silver in ancient Rome and Egypt, AgNPs are exceptional since they
have been utilized for ages due to their excellent antibacterial action. AgNPs of various sizes and shapes are being
developed. Many of them have a core-shell structure, which consists of a metallic silver core that can vary in size and shape
and a coating that typically aids in controlling the size of AgNPs during synthesis and provides a surface charge to stabilize
the AgNPs in solution (Reidy et al., 2013). Most wounds and infections were treated with colloidal silver (including
AgNPs) during the 20th century. However, the discovery and development of modern antibiotics in the 1940s significantly
decreased the usage of silver.

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00006-X
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Nevertheless, Ag has again gained popularity in the medical industry as an antibacterial due to the bacteria’s resistance
to antibiotics (Courtois et al., 2019). They demonstrate antibacterial activities and cover various characteristics, including
antiviral, anticancer, thrombolytic, and anticoagulating activities. They are also helpful for diagnostics and imaging
(Gomes et al., 2021).

AgNPs are considered benign and nontoxic to human and animal cells at low concentrations. They cause the least
amount of environmental damage compared to other metal nanoparticles in the context of green chemistry, an emerging
field essential for achieving the goal of sustainable development. However, their “greenness” is also determined by the
synthesis technique used to synthesize them. Due to the numerous advantages AgNPs offer, it is essential to synthesize
them.

Methods of synthesizing AgNPs

The bottoms-up and top-down approaches are the ones that are most frequently utilized for NPs synthesis. Top-down
processes involve the physical milling, cutting, and shaping of materials with the aid of tools. Contrarily, bottom-up
procedures, which use chemicals or biological processes (green synthesis) to self-assemble smaller particles into larger
ones, are thought to be the best ways to synthesize nanoparticles (Alharbi et al., 2022). In this section, both approaches are
discussed with more emphasis on the bottom-up approach specifically the green synthesis of AgNPs.

Physical methods

For the manufacture of AgNPs, evaporation-condensation, laser ablation, electrical irradiation, gamma irradiation, and
lithography are the most crucial physical processes. Kimura and Bandow looked at the optical spectra of many metal
colloid materials, solutions, and new inorganic solvent preparation techniques for metal colloids without using chemicals
like electrolytes, glue, polymers, redox reagents, and other types of colloid stabilizers. The matrix isolation approach, the
three different preparation techniques, the gas flow-cold trap method, the gas flow-solution trap method, and the silver
nanoparticle synthesis (Keisaku and Shunji, 1983). Another approach for the production of AgNPs is the laser ablation
technique, which has a variety of uses. The laser ablation approach is a novel, practical, and effective way to create and
generate metal colloids without needing chemical reagents. In addition, by varying the number of laser pulses, this
technique aids in controlling the size of the colloidal particle (Tsuji et al., 2002).

Pyatenko et al. created AgNPs by shining a 532 nm laser beam on an Ag target while submerging it in clean water. By
utilizing a high-power laser and tiny laser beam spot sizes, this method successfully creates small nanoparticles with a
narrow distribution in pure water without the addition of any chemical (Pyatenko et al., 2004). Using laser ablation and the
thermal effusivity of a nanocomposite, Sadrolhesseini et al. developed a novel technique for producing AgNPs that are
disseminated in graphene oxide. The ecologically friendly process releases the nanoparticles into the liquid solution
without any chemicals, polymeric stabilizers, or surfactant stabilizers (Sadrolhesseini et al., 2013). Tsuji et al. reported the
synthesis of colloidal solutions of AgNPs by laser irradiating and ablation of a silver plate in polyvinylpyrrolidone (PVP)
aqueous solutions. Due to its procedural simplicity and extremely high rate of obtaining nanoparticles of different species
and materials, such as metals, metal oxides, semiconductors, and organic materials, by irradiating those materials with
intense laser light while they are suspended in solvents, this method is regarded as remarkable (Tsuji et al., 2008).

Another methodology for analyzing the synthesis of AgNPs in ethanol by laser ablation and determining the rate of
laser pulse creation and concentration of created AgNPs is the pulsed photoacoustic (PA) technique (Valverde-Alva et al.,
2015).

Researchers have investigated mechanisms and procedures such as plasma generation and cavitation dynamics bubble
(Kudryashov et al., 2006; Liu et al., 2012), as well as the effects of solvents and laser settings on nanoparticles (Oseguera-
Galindo et al., 2016). The straightforward and affordable nanofabrication technique known as nanosphere lithography
(NLS) produces a wide range of well-ordered 2D NP arrays and nanoparticle shapes.

Jensen et al. studied periodic arrays of surface-confined molecules optical extinction spectra as a function of solvent
NSL-produced AgNPs and four different NP array samples. They also examined four nanoparticle arrays; three samples
yielded nanoparticles with truncated tetrahedral shapes but with different out-of-plane heights, and one sample included
oblate ellipsoidal nanoparticles (Jensen et al., 1999). Additionally, they showed that the silver nanoparticle material
system’s localized surface plasmon resonance extinction maximum could be continuously modified across the visible,
near-infrared, and mid-infrared spectrums (Jensen et al., 2000).
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Chemical methods

Chemical reduction of AgNPs

Nanomaterials’ chemical, physical, optical, and electrical characteristics are significantly influenced by their size, shape,
and surface morphology. Therefore, chemical reduction is one of the most popular techniques for creating AgNPs using
both inorganic and organic reducing agents. In general, various reducing agents are used to reduce the silver ions (Ag™) in
aqueous or nonaqueous solutions, including sodium citrate, ascorbate, sodium borohydride (NaBHy), elemental hydrogen,
polyol process, Tollens reagent, N,N-dimethylformamide (DMF), and poly(ethylene glycol)-block copolymers, hydrazine,
and ammonium formate (Malassis et al., 2016).

Microemulsion techniques

A microemulsion is water, surfactant, oil, and cosurfactant mixture. Various surfactants are available to create the
microemulsion while manufacturing the AgNPs. In general, a variety of surfactants can be used to create micro-
emulsions, including nonionic surfactants like Triton X-100, cationic surfactants like cetyltrimethylammonium bromide
and PVP, anionic surfactants like bis (2-ethylhexyl)sulfosuccinate, sodium dodecyl benzene sulfonate, and surfactant-
coated water droplets serve as microreactors and provide a unique microenvironment for the creation of nanoparticles
(Chhatre et al., 2012; Elmas et al., 2018; Nourafkan and Alamdari, 2014; Singha et al., 2014; Sun et al., 2001; Wani
et al., 2013).

Microwave-assisted techniques

In contrast to the traditional heating approach, microwave synthesis methods allow the reduction of the AgNPs with a
variable rate of microwave radiation. As a result, quick results are produced via microwave-assisted technology, which
reduces the time it takes for chemical reactions from hours or days to minutes. Additionally, microwave irradiation fa-
cilitates the ripening of materials without aggregation and offers homogeneous heating for creating metallic nanoparticles
(MNPs) (Guo et al., 2013; Pal et al., 2009; Pal et al., 2014; Wang et al., 2010).

Green synthesis

Due to the increased demand for ecologically friendly material synthesis technologies, the biosynthesis of nanoparticles has
attracted much interest. Much work has been done on the environmentally friendly production of inorganic materials,
mainly metal. “Green synthesis” is a bottom-up approach also referred to as “biological techniques” which are generally
carried out using medicinal plants and have advantages over chemical and physical processes since they are less expensive,
more environmentally friendly, and more widely accessible. They are using plant and microbial extracts to create nano-
particles (Samadi et al., 2009). At the same time, algae (El-Rafie et al., 2013), yeast (Jha et al., 2008), and fungi (Bhainsa
and D’Souza, 2006) are continued now being investigated for the intracellular and extracellular creation of metal nano-
particles, as well as the similar usage of components from the entire plant. Using new methods for synthesizing nano-
particles, there is an exciting opportunity to be explored. In the literature, various bacterial strains such as
B. amyloliquefaciens (Fouad et al., 2017), A. calcoaceticus (Singh et al., 2013), P. aeruginosa (Kumar and Mamidyala,
2011), E. coli (Divya et al., 2016), and B. licheniformis (Kalimuthu et al., 2008) were used effectively for the synthesis of
AgNPs.

Due to the possible high yields and abundance of proteins, the synthesis of AgNPs utilizing microbes has garnered a lot
of interest. However, there are challenges with this approach in terms of maintaining culture and growth (Guilger-
Casagrande and de Lima, 2019). Plants are eco-friendly and simple to handle with therefore employing their extracts to
synthesize NPs has various advantages over other environmentally friendly synthesis techniques. Additionally, it provides
availability, cheap cost, great yield, minimal toxicity, and energy efficiency. Neo-clerodaneflavonol glycosides, ergosterol,
iridoid glycosides, phytoecdysones, and other polyphenols are examples of phytochemicals in plants that act as reducing,
capping, and stabilizing agents during the green production of NPs (Afreen et al., 2020; Pallela et al., 2018). AgNPs can be
produced using a variety of plant parts, such as fruits, leaves, seeds, flowers, bark, roots, and stems. Upcoming era is an era
to synthesize AgNPs using this green approach. Recently, few reported literature have utilized this green approach to
synthesize AgNPs (Amaliyah et al., 2022; Chinni et al., 2021; Gomathi et al., 2020; Rather et al., 2022). Using new
methods for synthesizing NPs, there is an exciting opportunity to be explored.
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Mechanism of green synthesis of AgNPs

The process of synthesizing AgNPs using green synthesis from plants involves interacting silver nitrate (AgNO3) with the
biomolecules found in plant extracts. There are three main stages in the formation of NPs: (a) an ion reduction reaction,
(b) cluster formation that induces the growth of NPs and (c) stabilization of silver ions. Depending on the reducing agent,
its concentration, AgNOs, and pH, each stage has particular features. Amino acids, proteins, alkaloids, flavonoids,
polyphenols, enzymes, tannins, carbohydrates, and saponins are examples of plant biomolecules that contain hydroxyl
groups (OH), which stabilize and reduce silver ions (Ag™") to AgO. It is further reduced to Ag*, where silver nuclei are
generated, leading to the production of AgNPs. Jasuja et al. reported that kaempferol, naringin, and glycosides are present
in Punicagranatum peel extract. These compounds all have OH groups that can reduce Ag™ ions and produce AgNPs
(Jasuja et al., 2014). According to investigation carried out by Jain and Mehta on the putative mechanism of manufacturing
AgNPs using Tulsi leaf extract, the quercetin in this plant combines with Ag™ ions when the OH groups connect to the
carbon atoms of aromatic rings, reducing Agt to NPs and providing stability against agglomeration (Jain and Mehata,
2017). From one plant to another, this scenario could be different. In order to find biomolecular stabilizing and capping
agents for the synthesis of AgNPs from plants, a thorough investigation is necessary.

Factors affecting the green synthesis of AgNPs

The key variables, namely pH, temperature, reactant and biomolecule concentrations, incubation time, and light intensity,
can be used to control the structural and geomorphological physiognomies of NPs. These key variables can significantly
contribute to optimizing the synthesis of metallic NPs using biological templates and are crucial for comprehending how
environmental factors affect the synthesis of NPs.

pH

The pH of the substrate and medium, in general, plays a crucial part in regulating the shape and size of the NPs. The
synthesis of AgNPs was best ensured at a pH of 7, where reduction of Ag" to Ag” takes place during AgNPs production,
and the highest abundance of synthesized NPs was obtained at pH 7—9. When the substrate’s pH is acidic, NPs of medium
and large sizes are produced, with their shape and size altering accordingly. An alkaline pH resulted in smaller size
distribution and shorter synthesis time for AgNPs (Binupriya et al., 2010; Du et al., 2015). Priyadarshini et al. also reported
that at pH 8, AuNPs change from spherical to rod-shaped particles with an average size of 20—29 nm. AuNPs had an
average size between 10 and 19 nm and a spherical form at pH 10. Small AuNPs are generated due to the reduction
reaction intensifying as pH gradually rises (Priyadarshini et al., 2014).

Additionally, according to another study by Bergal et al., synthesizing AgNPs at an alkaline pH has numerous ad-
vantages, such as a stable and high yield of NPs, a quick growth rate, and an improved reduction process (Bergal et al.,
2022). A basic pH enables more OH groups to participate in the reduction reaction, boosting the yield. Hydroxyl (OH)
groups in plant extracts play an essential role in reducing and stabilizing functional groups during the production of AgNPs
(Singh et al., 2009).

Temperature

AgNPs synthesis velocity, stability, and size are just a few examples of the factors that the temperature used during the
synthesis of AgNPs that may have a considerable effect. A study by Birla and the group suggests that at temperatures
between 60 and 80°C, Fusariumoxysporum produced more AgNPs at a faster rate. As the temperature rises, the fungal
biomass produces more protein with faster synthesis (Birla et al., 2013). AgNPs are produced by Aspergillus oryzae, and
high temperatures affect the production rate. Phanjom and Ahmed studied the effects of temperature on the production rate
and synthesis time of AgNPs. They found that if the reaction starts at 30°C, temperatures can be completed at 6 h, but when
90°C is employed, the reaction can be completed in 10 min, while at 10°C, no synthesis took place (Phanjom and Ahmed,
2017).

Furthermore, even at a low temperature of 40°C, Vitexagnus-castus leaf extract reduced Ag™ ions quickly. In contrast,
another study found that the synthesis of AgNPs was most effective at temperatures between 60 and 80°C. As a conse-
quence, it is widely known that high temperatures encourage nucleation, whereas low temperatures encourage growth in
the synthesis of NPs (Kredy, 2018; Stavinskaya et al., 2019).
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Effect of AgNO3; and biomolecule concentration

AgNO;3 concentration influences the size of the produced AgNPs and their quantity. In experiments utilizing Fusar-
iumoxysporum, it was found that between 0.1 and 1.5 mM, the concentration of AgNPs increased as the metal precursor
quantity increased. However, no changes were detected at higher doses (Korbekandi et al., 2013). For the extracellular
synthesis of AgNPs by fungal species in several different experiments, silver nitrate (AgNO3) at a concentration of 1 mM
was used. Smaller NPs were produced in some investigations utilizing a lower concentration of the metal precursor
(AgNO3), but smaller NPs were produced in other research using an intermediate concentration of AgNO3 (Abdelrahim
et al., 2017; Phanjom and Ahmed, 2017). AgNOj3 concentration increases absorption, and 1 mM is the ideal nanoparticle
concentration. In addition, various biomolecules like plant and fungus extract to cover the surfaces of the NPs and act as
reducing agents, preventing them from aggregating and enhancing their stability (Ahmed et al., 2016).

Incubation time

A crucial factor for improving the yield, stability, and size of synthesized AgNPs is incubation time. Within 2 min of
incubation, a rapid color shift was seen when Ananascomosus (Pineapple) extract was utilized to synthesize AgNPs
(Ahmad and Sharma, 2012). Another study by Jain and colleagues used Ocimum Sanctum (Tulsi) leaf extract to create
stable AgNPs that were about 17 nm in size. After 15 min of incubation, the yield of biosynthesized AgNPs started to rise
and kept rising over the next few hours (Jain and Mehata, 2017). Additionally, AgNPs were produced using an extract of
Origanumvulgare L., and the yield of nanoparticles increased with reaction time up to 3 h. As AgNPs formed, the reaction
mixture’s color intensity slowly altered from yellow to brown (Shaik et al., 2018). Due to a rise in the amount of AgNPs
generated, the absorption intensity also enhanced as the incubation period increased.

Light intensity

Light intensity is an essential factor and significantly influences the green synthesis of AgNPs. Therefore, sunlight-based
light irradiation is a proper method to facilitate the environmentally friendly synthesis of AgNPs. It is anticipated that in
sunlight, the reduction of Ag™ ions can be finished in a short period, whereas under darkness, the reaction takes longer.
This may be due to photons of a particular wavelength that stimulate the green synthesis process and promote the green
synthesis of AgNPs under direct sunlight (Srikar et al., 2016). This approach was successfully applied to synthesize AgNPs
from medicinal plants, such as Piper longum and Carica papaya fruit (Firdaus et al., 2017; Jayapriya et al., 2019).
Additionally, the yield and concentration of AgNPs produced by the green synthesis of AgNPs utilizing sunlight are high
and demonstrate good stability (Nguyen, 2020).

Characterization techniques

Before being used, appropriate techniques must first be employed to ensure the formation of AgNPs. The simplest way to
track AgNPs synthesis is to visually examine the solution’s color change from yellow to brown. Further, a spectropho-
tometer can detect nanoparticle peaks in the visible region of the UV-Vis spectrum at a wavelength between 400 and
450 nm. Other methods can be utilized to examine nanoparticle size, shape, dispersion, and composition, such as SEM,
TEM, XRD, FTIR, DLS, and zeta potential. XRD analysis is a vital technique for assessing nanoparticle formation.
Biomolecules that affect the production and stability of nanoparticles can be identified using FTIR spectroscopy.

UV-Vis Spectrophotometry

AgNPs that have been produced can be effectively characterized using UV-Vis spectroscopy. The absorbance spectra can
confirm the synthesized AgNPs in a solution. Nanoparticles are typically detected at wavelengths between 400 and
800 nm. AgNPs with smaller average sizes and higher concentrations have a maximum wavelength (Amax) at lower
and higher values, respectively. Additionally, broad and narrow peaks at longer and shorter wavelengths signify increased
and decreased AgNPs size (Zhang et al., 2016). The intensity and location of the peak in the spectrum, which appears at
wavelengths between 380 and 450 nm, can be used to demonstrate the quality of the produced nanoparticles. A broad peak
at a high wavelength denotes aggregated AgNPs of enormous size, whereas a narrow peak at a low wavelength denotes
nanoparticles of small size. Additionally, UV-Vis spectroscopy peaks at the same wavelength indicate that the stability of
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green synthesized AgNPs can be preserved for several months. Sharma et al. used a spectroscopic approach to characterize
AgNPs produced using Ocimumgratissimum aqueous leaf extract (Sharma et al., 2020).

Scanning Electron Microscopy (SEM)

SEM is a kind of electron microscopy that can be used to analyze the surface morphology of NPs, including their size,
shape, and distribution. In SEM imaging, an electric current travels through electromagnetic coils and lenses to produce a
focused beam of electrons. Secondary electrons are produced when this beam comes into contact with a sample surface. A
very accurate reconstruction of the sample surface morphology is made using the information on the resultant electrons
(Chandraker et al., 2021). Due to their high electrical conductivity, metal NPs like silver and gold are simple to scan with
an SEM. This microscopy technique has a substantial benefit in that samples can be immediately placed on a black surface
without worrying about unwanted incident beam scattering. The majority of particles range in size from 20 to 30 nm.
Changes in the synthesis parameters discussed earlier in this chapter could be the reason for the shape variances. The
AgNPs characterized by SEM often have various shapes: pebble-like, round, spherical, cubic, triangular, oval, and obovate
(Arif and Uddin, 2021; Choi et al., 2021). SEM can be useful for learning about morphology, particle purity, and ag-
gregation of AgNPs, but cannot provide information related to the internal structure of samples.

Transmission Electron Microscopy (TEM)

TEM can be used to characterize NPs as well. TEM can be used to get quantitative measurements of the produced NPs,
such as their size, size distribution, and shape. A single drop of the sample solution must be coated with carbon copper
grids for TEM imaging, which is conducted by passing an electron beam through a sample. Compared to SEM, TEM offers
better spatial resolution, which permits a more thorough investigation of NPs. TEM examination showed that the produced
NPs had a predominance of spherical form. In addition to spheres, AgNPs can also take the form of nanorods, nanowires,
and triangles. Using TEM, rod-like, triangular, and quasi-spherical AgNPs have been found (Sreelekha et al., 2021). The
requirement for a large sample section and high vacuum conditions is some of the drawbacks of TEM. Although tedious
sample preparation for TEM analysis is necessary for getting accurate images. The TEM’s studied region is relatively small
and could not be an accurate representation of the entire sample. The sample could be harmed by the electron beam when
considering biomaterials. Despite these limitations, TEM is a modern technology for gathering visual data about the shape,
scale, structure, and dispersion of nanoparticles due to its atomic level accuracy (Chandraker et al., 2021; Zhang et al.,
2016).

X-ray Diffraction (XRD)

XRD is a well-known characterization technique for qualitative and quantitative NPs evaluations. Bragg’s law is the
XRD’s guiding theory. To establish the crystal structure of NPs and to verify their formation, XRD analyses are used. This
method has also been applied to quantify the degree of crystallinity and determine the size of crystalline nanoparticles.
Each material has a distinct diffraction beam; hence, the examination of materials using this method depends on the
diffraction patterns. So, by comparing the diffraction beams to the reference database of the joint committee on powder
diffraction standards library, a substance can be identified and characterized (Mehata, 2021). Impressive peaks can be seen
in XRD patterns, and nano-sized AgNPs can be identified based on specific peaks (Alaqad and Saleh, 2016).

Fourier Transform Infrared Spectroscopy (FTIR)

Identification of the biomolecules that reduce Ag" ions and stabilize the produced AgNPs can be identified by FTIR
analysis. It is possible to identify the functional groups responsible for the production AgNPs using FTIR spectroscopy
(Anandalakshmi et al., 2016). Functional groups like alkanes, ketones, and amines, among other functional groups, absorb
infrared radiation at various wavelengths, allowing the identification of biomolecules. The form of the absorption spectrum
profile in FTIR spectroscopy analysis exhibits different peaks representing the high concentration of specific types of
chemical bonds. The functional groups involved in the surface coating and efficient stabilization of the generated NPs can
be identified by comparing the FTIR spectra of a medicinal plant extract with that of biosynthesized AgNPs (Akintelu
et al., 2020). This is why FTIR spectroscopy is a valuable and affordable method for figuring out how biological com-
ponents contribute to creating and stabilizing green-produced AgNPs.
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Dynamic Light Scattering (DLS)

The surface charge, size, and particle size distribution of NPs can all be examined using DLS. This method relies on the
interaction of light traveling through a colloidal solution with spherical particles moving in a Brownian manner (Bamal
et al., 2021). DLS can measure particles with a size between 1 and 500 nm, although it has trouble while measuring
agglomerated particles. Only a minimum number of nanoparticles are needed to avoid numerous scattering effects in DLS.
The scattered intensities from the time-dependent data can be used to estimate the hydrodynamic diameter. The electrical
layers on nanoparticles’ surfaces and the capping agents/stabilizers in solution typically impact their hydrodynamic
diameter. Khader et al. used the DLS technique to report a hydrodynamic diameter of 203 nm while synthesizing AgNPs
made from Phoenix dactylifera seeds (Vanin dos Santos Lima et al., 2022).

Zeta potential

Zeta potential is a crucial factor in controlling the stability, effective surface electric charge, and dispersion of NPs. High
positive or negative charges in a particle cause them to repel one another and produce stable particles with a low inclination
to coalesce, according to earlier studies by Baldassarre et al. (2015). Dispersions with a lower zeta potential may cause
AgNPs to aggregate due to van der Waals attraction. Earlier studies said that AgNPs synthesized from Annona squamosa
and Bryophyllumpinnatum leaf extract have zeta potentials of 37 and 26.7 mV, respectively. AgNPs having a value of
26.7 mV are more stable NPs (Anandalakshmi et al., 2016; Vivek et al., 2012).

Biological activities of AgNPs

Due to their distinctive physicochemical characteristics and biological activities, AgNPs have been one of the most
attractive nanomaterials in the biomedical field. AgNPs have attracted the interest of numerous researchers and industries
due to their wide range of biomedical uses (Burdusel et al., 2018).

AgNPs have long been used as antibacterial agents in several items, including cosmetics, textile coatings, and other
products (Bruna et al., 2021). Studies have demonstrated that AgNPs are effective against many pathogens, including
bacteria, fungi, and viruses (Algotiml et al., 2022). Additionally, AgNPs can efficiently harm or eliminate nematodes
(Heflish et al., 2021) and worms (Li et al., 2015).

AgNPs are beneficial in cancer treatment because of their increased chemotherapeutic efficacy and low systemic
toxicity. AgNPs anticancer activity is also influenced by several variables, such as size, shape, dose, and exposure duration
(Gurunathan et al., 2015). AgNPs’ anticancer mechanisms, however, are a lot more complex. It has been established that
AgNPs can stop tumor cell growth by damaging cellular ultrastructures, causing ROS generation, and causing DNA
damage. AgNPs can also activate proteins, control signaling pathways, and cause tumor cell apoptosis (Barcinska et al.,
2018). They can also prevent tumor cell spread by preventing angiogenesis inside lesions.

AgNPs have other medical uses besides antibacterial and anticancer capabilities, including bone restoration and wound
healing (Tian et al., 2007; Zhang et al., 2015). Additionally, AgNPs may be used as adjuvant in vaccine, an additive in
dental materials, and medication carriers for precise and selective cell or tissue targeting, according to recent investigations
(Asgary et al., 2016; Gherasim et al., 2020; Oei et al., 2012). The recent enhancements in AgNP biocompatibility and
stability through surface modification and the excellent optical properties of AgNPs strongly suggest nanostructured
systems based on silver as particular, selective, and adaptable candidates for drug-delivery applications (Qing et al., 2018;
Xu et al., 2020).

This section will discuss AgNPs’ potential mechanisms, antibacterial and anticancer characteristics, and other
intriguing medical uses.

Antibacterial activity

Numerous pathogenic bacteria, fungi, and viruses, including Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, dermatophyte, HIV-1, etc., are successfully inhibited by AgNPs. AgNPs have diversified antibacterial effects
on different bacterial strains (Yuan et al., 2017). It is interesting to note that AgNPs may behave differently against Gram-
positive and Gram-negative bacteria. This might be because the two types of bacteria have cell walls that are different
densities (Abbaszadegan et al., 2015). In addition to the bacteria strains, AgNPs may also have an antibacterial activity that
is size-, shape-, concentration-, time-, and charge-dependent (Liao et al., 2019). In general, the antibacterial activity of
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AgNPs increases noticeably when particle size is reduced. AgNPs exhibit improved antibacterial action, mainly when the
size is less than 10 nm (Agnihotri et al., 2014). By extending the treatment duration of AgNPs, the antibacterial action can
be markedly improved. The accumulation of AgNPs and silver ions throughout the exposure time may be responsible for
the enhanced bacterial mortality (Dakal et al., 2016).

Additionally, AgNPs’ structure may affect their antibacterial activity. Spherical-shaped AgNPs exhibit a stronger
antibacterial activity than triangular, linear, or cubic AgNPs, according to a comparison study. This result suggests that
AgNPs with a higher surface-to-volume ratio, associated with a higher effective contact and a larger reaction surface,
may exhibit potent antibacterial activity (Raza et al., 2016). The surface charge of AgNPs also influences their anti-
bacterial activity. Bacterial membranes are largely loaded with negative charges because they include lipopolysac-
charide, peptidoglycan, and many groups, such as carboxyl, amino, and phosphate groups. On the other hand, AgNP
adhesion to bacterial membranes can be aided by positive charges due to electrostatic attraction. As a result, modifying
the surface charges of AgNPs may help to increase their antibacterial effect (Abbaszadegan et al., 2015; Dakal et al.,
2016).

AgNPs antibacterial action may be affected by the stabilizers effects on AgNPs size, dispersion, and surface charge. It
has been demonstrated that several stabilizers, including citrates, PVP, and polyvinyl alcohol, can change the properties of
AgNPs to affect bacterial action (Anees Ahmad et al., 2020; Dey et al., 2015; Pencheva et al., 2012).

Numerous research has tested theories, even though the precise processes behind the antibacterial effects of AgNPs are
still unknown. The antibacterial mechanisms of AgNPs have been explained by a variety of theories, including (i) causing
bacterial membrane disintegration and allowing cellular contents to leak; (ii) producing reactive oxygen species (ROS) and
shutting down the respiratory chains; (iii) destroying the DNA structure and preventing DNA replication; and (iv) inac-
tivating enzymes and denaturing proteins (Qing et al., 2018). These mechanisms help AgNPs to have robust and broad-
spectrum antibacterial activities.

Antifungal and antiviral activity

According to various research studies, AgNPs have antifungal effects in size- and dose-dependent manner against Col-
letotrichumcoccodes, Monilinia sp., Candida spp., and various plant pathogenic fungi (Lamsal et al., 2011; Malandrakis
et al., 2020; Pandcek et al., 2009). The type of culture media employed in the tests may affect the inhibitory activity,
according to certain studies (Kim et al., 2012). Additionally, AgNPs exhibit potent antiviral action against influenza A
(HINT1), hepatitis B virus (HBV), human parainfluenza virus, and herpes simplex virus (Gaikwad et al., 2013; Hu et al.,
2014; Lu et al., 2008; Xiang et al., 2011). AgNPs with a size of less than 10 nm have good antiviral activity, possibly
because of their sizable reaction area and potent adsorption on the surface of viruses (Kar et al., 2022). For instance,
AgNPs can interact with the virus in size- and the dose-dependent way by binding to the glycoprotein knobs and inhibiting
the reverse transcriptase (RT) of HIV-1 (Elechiguerra et al., 2005).

Antiprotozoal activity

Globally, Giardia lamblia, and Cryptosporidium parvumare responsible for gastrointestinal illnesses and are particularly
resistant to chlorine treatments and other conventional methods of deactivation (Putignani and Menichella, 2010).
Additionally, immune-compromised persons who contract Cryptosporidium parvum infection risk dying, making it crucial
to find novel ways to destroy these organisms at deficient detection levels. Said et al. conducted an interesting in vivo study
in which they examined the anti-G. lamblia activity of AgNPs, chitosan NPs, and curcumin NPs in rats. AgNPs, chitosan
NPs, and curcumin NPs were combined to produce the most significant effect compared to when they were utilized
independently (Said et al., 2012). The efficiency of AgNPs against Cryptosporidium parvumis being tested through various
experiments (Cameron et al., 2016; Hassan et al., 2019).

Another major protozoal illness is leishmaniasis, one of the most commonly neglected tropical diseases in the world.
The use of common anti-leishmanial drugs like antimonial and amphotericin B liposomes is limited due to the
development of drug resistance. Many attempts were carried out to identify antileishmanial effect of silver nanoparticles
as an alternative therapy (Allahverdiyev et al., 2011; Almayouf et al., 2020; Awad et al., 2021; Baiocco et al., 2011).
Sharma et al. prepared AgNPs using Fusariumoxysporumand found that biosynthesized AgNPs had potential in vitro
and in vivo activity against Leishmaniaamazonensis (Rossi-Bergmann et al., 2012). It was found that biologically
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produced AgNPs were four times more potent than chemically created AgNPs in in vitro trials; additionally, they were
much more successful in the in vivo model.

Malaria is one of the most widespread protozoal vector-borne infections (Chala and Hamde, 2021). The rapid rise in
plasmodia resistance to antimalarial medications encourages ongoing research into novel strategies for combating malarial
parasites and ways to limit the expansion of the mosquito vector (Shibeshi et al., 2020). AgNPs have also been tested
against plasmodia in several studies and other treatments, and the findings were encouraging (Al-Quraishy et al., 2020;
Avitabile et al., 2020; Mnkandhla et al., 2018). Yang et al., Panneerselvam et al. (2011) discovered anti-P. falciparum
action in AgNPs with an average size of around 55 nm that were biologically produced using Andrographispaniculata
Nees (Acanthaceae). Ponarulselvamet al.also reported anti-P. falciparum activity of AgNPs (average size of around
35—55 nm) made with an aqueous Catharanthusroseus leaf extract (Ponarulselvam et al., 2012). However, none of the
reported research explains the antiplasmodial effects.

Anticancer activity

Currently, cancer is regarded as a significant contributor to morbidity and mortality on a global scale (Sung et al., 2021).
Moreover, by 2035, there will likely be 14 million additional cancer cases, significantly affecting global society and the
economy (Pilleron et al., 2019). In order to lessen the negative consequences of cancer occurrence, it is urgently necessary
to develop effective and cutting-edge treatment approaches (Schirrmacher, 2019). Cancer and tumors are frequently treated
with surgery, chemotherapy, and radiotherapy. However, the results are affected by the drawbacks and side effects of
conventional therapy. For instance, standard chemotherapy can have harmful side effects, including myelosuppression,
liver and renal failure, immunosuppression, and local reactions such as thrombophlebitis and tissue necrosis (Sedighi et al.,
2019).

Additionally, cancerous tumors may become multidrug resistant (MDR), which could make chemotherapy ineffective
(Bukowski et al., 2020). Therefore, it is crucial to create new medications to enhance their therapeutic benefits. A new
discipline of anticancer therapy called cancer nanomedicine has emerged in recent years due to the increased interest that
nanoparticles have received in cancer therapies due to their unique physical and chemical features (Bae et al., 2011; Bor
et al., 2019). MNPs can be exploited as innovative therapeutic agents or drug carriers in combination with treatment
candidates, compared to conventional anticancer medicines, and undesired side effects can be avoided using a tailored
approach (Gurunathan et al., 2018; Khursheed et al., 2022).

In the hunt for anticancer drugs, AgNPs stand out among these nanoparticles. In cases of breast cancer, cervical cancer,
colon cancer, ovarian cancer, pancreatic ductal adenocarcinoma, lung cancer, hepatocellular carcinoma, melanoma, os-
teosarcoma, and other cancers, AgNPs have been seen to exhibit good anticancer effects (Jain et al., 2021). Numerous
studies show that different cancer cells respond differently to AgNPs with varying sizes, shapes, and doses/concentrations
for their anticancer effects. The anticancer effect of AgNPs is further influenced by several variables, including tumor
microenvironment, cell lines, exposure period, and pH of lesions. AgNPs generally show a broad spectrum of anticancer
activity that is size, dose/concentration, and time dependant. AgNPs of smaller diameters can cause more pronounced
cytotoxicity and genotoxicity, as well as accelerated endocytosis. Because they have a larger surface-to-volume ratio than
other shapes, spherical AgNPs are more cytotoxic. Additionally, a larger AgNP dose typically results in more apoptosis
than a lesser one (Avalos et al., 2014; Wu et al., 2019; Yeasmin et al., 2017; Zielinska et al., 2018).

Conclusion

Silver has been used as an antibacterial agent to eradicate various kinds of germs, including fungi, bacteria, and viruses.
Nevertheless, due to the rising concern over antibiotic resistance brought on by drug overuse, this aspect has recently
received more and more attention. AgNPs synthesized from medicinal plants exhibit significant antitumor activity, which is
of utmost importance. Researchers are taking a closer look at the green synthesis of AgNPs for a variety of reasons,
including cost-effectiveness, environmental friendliness, and preservation of human health. The synthesis of AgNPs by
plant biomolecules, which has the potential to affect the advancement of nanotechnology, is a new and exciting topic of
nanotechnology. The current advances in the green synthesis of AgNPs particularly using medicinal plant biomolecules,
mechanism of synthesis, optimization conditions, characterization techniques, and biological activities of AgNPs have
been highlighted in this chapter.
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Introduction

Plant-based products and phytocompounds are well-known natural therapeutic agents that used for the treatment of various
infections and diseases for ages. At present, almost 25% of industrial pharmaceutical products are derived from natural
resources and these natural products exhibit significant chemical diversity, biological activity, macromolecular specificity,
and reduced toxicity (Patra et al., 2018). These natural compounds are primarily plant-based products that are extensively
explored for the treatment of several fatal diseases such as cancer, diabetes, cardiovascular, inflammatory, and microbial
infections (Shende et al., 2017; Ghosh et al., 2015a). However, it has been shown recently that approximately 70% of these
herbal drugs that are available on the market exhibit poor water solubility which makes them difficult to absorb after oral
administration (Rahman et al., 2020). Moreover, these natural products have poor gastric and intestinal stability which
makes them difficult to act as effective drugs. Thus, a novel and efficacious delivery system for these phytochemicals are
required wherein nano-based carrier has recently been demonstrated as one of the potential therapeutic approaches for
targeted delivery of these plant-based extracts (Bhagwat et al., 2018; Ghosh et al., 2016a,b). Hence, this chapter em-
phasizes the importance and synergism of plant extract with nanomaterials as a novel and efficient treatment option.

The high ratio of surface area to volume of nanomaterials makes them unique carriers of drugs and other pharma-
cologically important molecules (Majeed et al., 2022; Shende et al., 2018). Polymeric nanomaterials made up of chitin,
alginate, lipids, polyethylene glycol (PEG), poly(capro) lactone (PCL), and poly (D, L-lactic-co-glycolic) acid (PLGA) are
used for the encapsulation of plant extracts obtained from Mentha piperita, Punica granatum L., Lycium barbarum,
Zizyphus jujuba, Centella asiatica L., Campomanesia xanthocarpa O. Berg., Nasturtium officinale, and Passiflora ser-
ratodigitata L. These nanoencapsulated complexes demonstrated improved antioxidant, antimicrobial, anticancer, and
other biological activities. Silver, gold, zinc oxide, and other metallic nanoparticles are also conjugated and surface
functionalized with extracts of Leucas Aspera, Geranium wallichianum, Pyrenacantha grandiflora Baill., Aloe barba-
densis Miller, Sterculia setigera, Withania somnifera, and several other plants to enhance their therapeutic properties that
are summarized in Table 6.1.

Therefore, further exploration of the biocompatibility, stability, in vivo cytotoxicity as well as economic viability would
provide useful data on the feasibility of the potential biomedical application of these nanomaterials and phytoextract
conjugates (Ahmad et al., 2021).

Polymeric nanomaterials based conjugates

Several polymeric nanomaterials are used for the encapsulation of phytochemicals. Rahnemoon et al. (2021) recently
demonstrated the nano-encapsulation of Punica granatum L. peel extract (PPE) and evaluated its antimicrobial activity.
Alginate nanospheres were synthesized using water in oil emulsification technique following which the obtained nano-
spheres were loaded with PPE. External gelation of the PPE-encapsulated alginate nanospheres was carried out using
calcium chloride nanoparticles. A ratio of 4:1 and 9:1 for the alginate: PPE and alginate: calcium chloride were optimal for
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TABLE 6.1 Applications of plant extract nanoconjugates.

Nanomaterial
Polymeric nanoparticles

Alginate nanospheres

Chitosan nanoparticles

Chitosan, Alyssum homolocarpum

gum (AHG), and 1:1 complex of
chitosan and AHG (CCA)
nanoemulsion

CSNPs

Gelatin nanoparticles

Aloe vera gel template

Liposomes

PCL nanoparticles

PLGA nanoparticles

PLGA/PEG nanoparticles

Solid lipid nanoparticles

Metal-based nanomaterials

AgNPs

AuNPs

AuNPs

AuNPs conjugated with PLA-PEG-

PLA copolymer
ZnONPs

ZnONPs

ZnONPs

Plant component

Punica granatum L.
peel extract

Zizyphus jujuba pulp
and seed extract

Mentha piperita
phenolic extract

Punica granatum L.
peel extract

Centella asiatica L.
extract

Curcumin

Lycium barbarum
leaf extract

Passiflora serratodigi-
tata L. stem and leaf
extracts

Campomanesia xan-
thocarpa O. Berg.
fruit extract

Nasturtium officinale
extract

Triptolide

Pyrenacantha grandi-
flora Baill extracts

Sterculia setigera
bark extract

Withania
somnifera extract

Leucas aspera extract

Geranium wallichia-
num leaf extract

Aloe barbadensis
Miller leaf extract

Pterocarpus
santalinus extract

Size of nano-
conjugate (nm)

205.1 £ 0.1

70—300

108.66, 65.18,
and 70.81

127.3

115

Base size-
50—100 and
depth- 60
141.6 + 2.360

379.2 t£16.4
and 383.8 +
18.2

202.5 £50.8

205

179.8 £5.7

13 and 3—25

20

25

18

14

Application

Potential preservative for inhib-
iting the growth of
psychrophiles

Enhanced stability of antioxi-
dant activity and total phenolic
content

Enhanced antioxidant activity

Enhanced antioxidant activity
and antimicrobial activity
against S. aureus

Enhanced skin-protective
activities

Improved antioxidant activity
and in vitro drug release

Cytoprotective activity against
oxidative stress

Improvement in antiulcero-
genic activity

Enhanced antioxidant and anti-
microbial activity

Enhanced anticancer activity

Reduction of gastric mucosal
irritation

Enhanced antibacterial activity
Antitrypanosomal activity
Enhanced anticancer activity
Antiinflammatory activity

Anticancer, antileishmanial,
antibacterial, antifungal, and
antioxidant activity

Enhanced antibacterial activity
and intracellular ROS
production

Enhanced antidiabetic activity
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TABLE 6.1 Applications of plant extract nanoconjugates.—cont'd

Size of nano-

Nanomaterial Plant component conjugate (nm) Application References
Fe;O4NPs Curcumin 15—20 Enhanced antioxidant activity (Kitture
and tumor suppression et al., 2012)
Fe;O4NPs Diosgenin 19-21 Enhanced anticancer activity (Ghosh
et al.,
2015a,b)

the maximum encapsulation efficiency and effective particle size of 83.90 £ 0.53% and 205.1 £ 0.1 nm, respectively.
Thereafter, the antimicrobial activity of the nanospheres encapsulating 200 mg/L of PPE was evaluated which showed
enhanced inhibition against Staphylococcus aureus, Escherichia coli, and Salmonella sp. The antimicrobial activity of the
nanoencapsulated plant extract was investigated by coating the nanoconjugate on chicken meat samples. The total mi-
crobial count was significantly less after 14 days of storage at 4°C as compared to the control sample. Therefore, this study
highlighted the potential application of plant extract nanoconjugates as preservatives that can inhibit the growth of psy-
chrophilic microbes.

Han et al. (2015) reported the nanoencapsulation of Zizyphus jujuba pulp and seed extract for enhanced antioxidant
activity. The plant extracts were encapsulated in chitosan nanoparticles wherein sodium tripolyphosphate (STPP) was
added to facilitate the nanoencapsulation. The size of the extract containing nanoparticles ranged from 130 to 270 nm
which increased with subsequent increase in the chitosan/tripolyphosphate (TPP) ratio. Likewise, the zeta potential of
nanoconjugate also increased with an increase in the ratio of chitosan and TPP. Moreover, a chitosan/TPP ratio of 3.0 and
8.5 mg/mL of pulp and seed extract resulted in more than 90% entrapment efficiency. The spherical morphology of the
plant extract nanoconjugates was revealed by transmission electron microscope (TEM) images with a size range of
70—300 nm. Thereafter, the antioxidant activity of the encapsulated plant extracts was investigated using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid ABTS) radical-scavenging activity
which highlighted the enhanced stability of the antioxidant activity of nanoconjugate as compared to the free plant extract.
In addition, the total phenolic content of the plant extract was also enhanced after nanoencapsulation.

Similarly, Roshanpour et al. (2021) reported the enhanced antioxidant activity of Mentha piperita extract after
nanoencapsulation. A double nanoemulsion of water-oil-water was prepared wherein an initial water-in-oil microemulsion
was prepared using M. piperita phenolic extract and soybean oil followed by coating the microemulsion with biopolymers
composed of chitosan, Alyssum homolocarpum gum (AHG), and a 1:1 complex of chitosan and AHG (CCA), respectively.
The size distribution of the nanoemulsion prepared was dependent upon the pressure of the homogenizer wherein higher
pressure resulted in the formation of larger droplets because of droplet re-coagulation. The lowest average harmonic
diameter of the nanoemulsions prepared using chitosan, CCA, and AHG biopolymers were 108.66, 65.18, and 70.81 nm,
respectively. The polydispersity index (PDI) of the nanoemulsions prepared using AHG and CCA biopolymers was less
than 0.5 which highlighted the uniform size distribution of the particles. Additionally, the zeta potential of the chitosan,
CCA, and AHG-coated nanoemulsions was 28.69, 20.16, and —37.4 mV, respectively. The initial encapsulation efficiency
of chitosan, CCA, and AHG-coated nanoemulsions was 80.5%, 90.8%, and 88.7%, respectively which eventually reduced
to 24.3%, 19.9%, and 23%, respectively after 24 days of storage at 30°C. The longest half-life period of 63 days was
obtained for the CCA nanoencapsulated powder. Thereafter, the peroxide value of nanoencapsulated phenolic extracts of
M. piperita was evaluated which showed improvement in the oxidative stability of soybean oil after nanoencapsulation
with maximum antioxidant activity observed in CCA coatings. Likewise, the p-anisidine release value was maximum in
CCA-coated nanoemulsions which were secondary oxidation indicator. The release of phenolic compounds from the
nanoencapsulated extracts into soybean oil was maximum in CCA-coated extracts when stored at 60°C for 24 days.

In another recent study, Soltanzadeh et al. (2021) encapsulated Punica granatum L. peel extract (PPE) in chitosan
nanoparticles (CSNPs) and evaluated its antioxidant as well as antimicrobial properties. An ionic gelation technique was
carried out for the synthesis of CSNPs using STPP as the cross-linking agent. The zeta potential of CSNPs was reduced
from 26.5 to 2.95 mV after PPE encapsulation at chitosan:PPE ratio of 1:0.5 which indicated a decrease in the physical
stability of the nanomaterial. Moreover, the highest encapsulation efficiency of 69.7 & 1.05% was achieved at chito-
san:PPE ratio of 1:0.25 along with a PDI and loading capacity of 0.260 4 0.015 and 13.8 £ 0.15%, respectively. Addi-
tionally, the loading capacity of CSNPs increased with a subsequent increase in PPE concentration. Scanning electron
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microscope (SEM) images then revealed the spherical shape of the CSNPs that were homogenously distributed without
aggregation as evident from Fig. 6.1. The average size of the CSNPs increased from 90.6 to 127.3 nm after PPE
encapsulation. The total phenolic content of the PPE-loaded CSNPs was lower as compared to the pure PPE. Thereafter,
the ROS scavenging potential of the PPE-encapsulated CSNPs was evaluated by a 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay which showed a 56% inhibition in the antioxidant activity as compared to 85% inhibition of pure
PPE that was attributed to the protective effect of CSNPs. Later, the antimicrobial activity of the PPE-loaded CSNPs was
investigated wherein no activity was observed against E. coli whereas the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) values of the encapsulated nanomaterial for S. aureus were 1.09 and 2.19 mg/
mL, respectively. Thus, this study exhibited the protective function of CSNPs on PPE after encapsulation which could aid
in maintaining important activities of the plant extract.

Aqueous extracts of Centella asiatica L. were also nanoencapsulated by Kwon et al. (2012) for the improvement of its
skin-protective activities. Gelatin was used as the edible polymer for the nanoencapsulation process wherein TEM images
revealed the successful formation of liposomes that were spherical in shape with an average diameter of 115 nm. The PDI
of the nanoparticles ranged from 0.15 to 0.19 along with the highest asiaticoside content of 48.9 ppm which was quite
similar to the free aqueous extract of C. asiatica L. The cytotoxicity of the nanoformulation was evaluated on human skin
fibroblasts which showed lower cytotoxicity (10%) of the nanocomplex as compared to 15% toxicity of crude plant ex-
tracts. The treatment of UV-irradiated cells with 0.5 mg/mL of the plant extract containing gelatin nanoparticles resulted in
a significant reduction in the expression of matrix metalloproteinase (MMP)-1 and hyaluronidase. Further in vivo studies of
the plant extract-loaded nanocomplex was carried out on hairless mouse models which showed a twofold increase in the
flux of the plant extract on mice skin cells as compared to crude extract. The confocal laser-scanning microscopy results
showed a homogenous distribution of the nano-encapsulated extract throughout the dermis which further facilitated the
sustained release of the active compounds.

In another study, Kitture et al. (2015a) reported the encapsulation of curcumin extracted from Curcuma longa in an
Aloe vera gel template. The weight loss curve of the curcumin-loaded- Aloe vera (CLA) structures showed 15%
entrapment of the bioactive compound. The UV-Vis spectroscopic results demonstrated two absorbance peaks at 256 and
423 nm corresponding to the Aloin present in the Aloe vera gel and curcumin, respectively. Atomic force microscopy
(AFM) results then demonstrated the porous nature of CLA structures with a base size and depth of around 50—100 and
60 nm, respectively. The antioxidant assays of the CLA structures were then performed wherein 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical and hydroxyl radical scavenging activity of the nanocomplex was investigated. Almost
86.30% DPPH radical scavenging activity and 91.38% hydroxyl radical scavenging activity was obtained which was
higher than the radical scavenging ability of curcumin and Aloe vera extracts. The nitric oxide scavenging activity was also
enhanced up to 61.17%, whereas superoxide radical scavenging activity of CLA structures was 35.05% which was lower
as compared to 57.91% activity of Aloe vera extract alone. Thereafter, the in vitro trans-membrane release study of CLA
structure revealed a steady increase in the release of curcumin with a subsequent increase in the incubation time. Almost
10.24 £ 0.12 pg/mL of curcumin was released from CLA structures within 5 h. Hence, the efficient drug delivery ability of
the nanoencapsulated structures was evident in this study.

Similarly, Pavaloiu et al. (2021) recently reported the liposome encapsulation of polyphenols from Lycium barbarum
leaf extract. A hydration film method in combination with sonication and extrusion was performed for the encapsulation of
L. barbarum extract into liposomes. The highest entrapment efficiency of 84.60 + 2.230% was achieved along with PDI
and particle size of 0.187 £ 0.001 and 141.6 4 2.360 nm, respectively. The entrapment efficiency was reduced to
79.85 + 1.030% after 3 months of storage at 4°C under dark conditions which suppressed photooxidation and hydrolysis
of lipids and maintained the stability of the liposomes. A pH of 7.4 demonstrated a slower polyphenol release as compared
to the attenuated burst effect of the free plant extract. The cytoprotective effect of L. barbarum leaf extract-loaded lipo-
somes was also confirmed after 24 h of nanoconjugate treatment against peroxide-mediated cytotoxicity on mouse
fibroblast cells as observed in Fig. 6.2.

The antiulcerogenic activity of Passiflora serratodigitata L. extracts was evaluated by Strasser et al. (2014) after
nanoencapsulation. The ethyl acetate fraction (EAF) and dry crude (DC) extracts of Passiflora serratodigitata L. leaves
and stems were nanoencapsulated by a solvent displacement technique. The nanoparticles prepared in this study were
biodegradable and composed of poly(epsilon-caprolactone) (PCL) wherein the diameters of nanoencapsulated DC (NDC)
and nanoencapsulated EAF (NEAF) were 379.2 4+ 16.4 and 383.8 £ 18.2 nm, respectively. In addition, the zeta potential
of NDC and NEAF was —20.2 & 1.8 and —27.3 £ 1.1 mV, respectively. Furthermore, the entrapment efficiency of NDC
and NEAF was 90.6 £ 2.5% and 79.9 + 2.7% (w/v), respectively. Thereafter, the antiulcerogenic activity of the nano-
encapsulated plant extracts was studied in ethanol-induced ulcer rodent models wherein the NDC treatment showed a
fourfold reduction in lesion area as compared to DCE administration. Likewise, NEAF showed a 10-fold increase in
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FIGURE 6.1 SEM image of (a;) empty CSNPs, and (b;) PPE-loaded CSNPs at chitosan:PPE ratio of 1:0.50 (w/w). Images (a,, b,) represent processes
figures using Imagel. Reprinted from Soltanzadeh M, Peighambardoust SH, Ghanbarzadeh B, Mohammadi M, Lorenzo JM: Chitosan nanoparticles as a
promising nanomaterial for encapsulation of pomegranate (Punica granatum L.) peel extract as a natural source of antioxidants, Nanomaterials
11(6):1439, 2021.

antiulcerogenic activity as compared to similar concentrations of EAF. Thus, it was proposed that nanoencapsulation of the

plant extract must have increased its solubility and dispersive properties in the intestinal area of the animal models.
Pereira et al. (2018) also reported the nanoencapsulation of Campomanesia xanthocarpa O. Berg. (guabiroba) fruit

extract for enhanced antioxidant and antimicrobial activities. Poly (D, L-lactic-co-glycolic) acid (PLGA) nanoparticles
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FIGURE 6.2 Confocal microscopy images of the uptake of liposomes loaded with L. barbarum by 1L-929 cells. (A) Control without liposomes; (B) cells
treated with L1_LB; (C) cells treated with L2_LB; the liposomes are labeled with rhodamine B (red); cell membrane is stained with WGA-AlexaFluor 488
conjugated (green); cell nuclei are stained with hoechst (blue). For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article. Reprinted from Pavaloiu RD, Sha’at F, Neagu G, Deaconu M, Bubueanu C, Albulescu A, Sha’at M, Hlevca C:
Encapsulation of polyphenols from Lycium barbarum leaves into liposomes as a strategy to improve their delivery, Nanomaterials 11(8):1938, 2021.

were prepared using an adapted emulsion-evaporation technique. The obtained nanoparticles were then used for the
encapsulation of phenolic guabiroba fruit extracts wherein the highest entrapment efficiency of 39.2 + 1.0% was obtained
with a 50:50 ratio of lactic to glycolic acid. The size and PDI of the nano-encapsulated extract were 202.5 £ 50.8 nm and
0.37 £ 0.04, respectively. TEM images of the nanoparticles further demonstrated their spherical morphology. An initial
burst effect was observed for the plant extract-loaded PLGA nanoparticles with a 57% release of phenolic compounds in
the first 15 min which was then gradually reduced to 32% after 12 h. A higher antioxidant activity of the nanocomplex was
observed as compared to the free plant extract wherein the oxygen radical absorbance capacities of the nanocomplex and
free plant extract were 174.7 £ 20.0 and 229.0 £ 15.6 pmol/L Trolox equivalent/g, respectively. A 10-fold lower con-
centration of the plant extract-loaded PLGA nanoparticles as compared to the free plant extract was required for a sig-
nificant reduction in the ROS generation in noncancer human colon cells (CCD-18Co) which highlighted higher ROS
inhibition of the guabiroba fruit extract after nanoencapsulation. The antimicrobial activity of the guabiroba fruit extract-
loaded PLGA nanoparticles was investigated which showed a lower MIC of 2670 pg/mL for Listeria innocua as compared
to a MIC value of 8107 pg/mL by the free plant extract.

Nasturtium officinale extract (NOE) was also nanoencapsulated in PLGA/PEG nanoparticles by Adlravan et al. (2021).
A ring-opening technique was followed for the synthesis of a triblock copolymer composed of PLGA/PEG which was then
used for an oil-in-water single emulsion solvent evaporation process. The prepared PLGA/PEG nanoparticles were then
used for the encapsulation of NOE. Encapsulation efficiency of 83.5% was achieved along with a loading capacity of
12.6 & 2.5 wherein the shape of the particles was spherical having a core-shell structure as observed in field emission
scanning electron microscopy (FESEM) images. The average diameter of the particles was 205 nm while the zeta potential
was —7.35 + 2.4 mV. SEM images confirmed the homogenous distribution of the particles in the medium. The in vitro
release kinetics of NOE from the nanocomposite were then evaluated wherein 74% of the plant extract was released at a pH
value of 7.4 within 120 h of incubation whereas more than 90% of the extract was released at a 5.5 pH value. MTT assay
then demonstrated the in vitro cytotoxicity of the nanoencapsulated complex against A549 lung cancer cells in which the
ICsg value was 35.0 pg/mL after 72 h of exposure. Moreover, the viability of A549 cells was investigated using 4’,6-
diamidino-2-phenylindole (DAPI) staining wherein the cells treated with NOE-loaded PLGA/PEG nanoparticles
showed brighter and smaller nuclei with discrete globular structures that resembled apoptotic bodies as compared to cells
observed after treatment with free plant extract. Additionally, the deoxyribonucleic acid (DNA) content of the cells was
measured after treatment with 55 uM of NOE-loaded PLGA/PEG nanoparticles for 48 h. All the treated cells were arrested
at the synthesis phase of the cell cycle which suggested that the nanoencapsulated plant extract might behave as a DNA
synthase inhibitor. The expression of apoptotic markers such as p53, Bax, and Caspase-3 was also evaluated by quanti-
tative polymerase chain reaction (q-PCR) assay which showed significant overexpression of these protein markers by 1.3-,
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1.1-, and 1.2-folds, respectively. Moreover, the reduction in expression of bcl-2 and CyclinD1 was also observed after the
treatment with the nanoparticle-plant extract complex.

Zhang et al. (2013) reported the preparation of solid lipid nanoparticles loaded with triptolide which could be delivered
orally for the reduction of gastric irritation. A microemulsion process was carried out for the preparation of the nano-
conjugate wherein an oil-in-water microemulsion was prepared which was then added to cold water for the precipitating
lipid phase forming fine particles. A five-level central composite design (CCD) was employed for the evaluation of the
optimized particle size, encapsulation efficiency, and triptolide loading capacity of the nanocomposite. Hence, the opti-
mized nanoconjugate prepared had a lipid fraction along with a surfactant to the co-surfactant ratio of 49.73% and 3.25,
respectively. The optimal lipid-to-triptolide ratio was 55.27 which resulted in a particle size of 179.8 + 5.7 nm. Also, the
optimal encapsulation efficiency and triptolide loading capacity of the prepared nanocomposite was 56.5 £ 0.18% and
1.02 £ 0.003%, respectively. The in vitro release of triptolide was also investigated wherein the nanoconjugate revealed a
sustained triptolide release which was 1.68-fold slower as compared to the control suspension of triptolide that completely
released the phytoactive compound within 2 h. Thereafter, the ability of the triptolide-loaded nanoparticle to reduce gastric
mucosa irritation was evaluated on Sprague Dawley rat models. Myeloperoxidase levels were quantified in rats after
treatment since it is a known facilitator of neutrophil infiltration in the gastric mucosal tissues. The levels of myeloper-
oxidase were considerably decreased in rat models that were orally treated with the triptolide-loaded nanoconjugate as
compared to rats treated with triptolide suspension through intraperitoneal injection. No inflammation was observed after
oral administration of the nanoconjugate as compared to triptolide suspension. Therefore, this study highlighted the
reduction of triptolide toxicity after nano-encapsulation.

Metal-based nanomaterials

Several metal nanoparticles are used for functionalizing bioactive principles and/or crude phytochemicals from medicinal
plants for multiple applications. Silver nanoparticles (AgNPs) were conjugated with Pyrenacantha grandiflora Baill ex-
tracts by Murei et al. (2021) for enhanced antibacterial activity. A chemical reduction method was followed for the
preparation of AgNPs using 1 mM of AgNOs3 and 1% tri-sodium citrate. TEM images of the obtained AgNPs showed their
quasi-spherical morphology with an average size of 13 nm. In addition, biogenic AgNPs were also synthesized using
Magnetospirillum magnetotacticum bacterial strain which had spherical morphology and a size range of 3—25 nm as seen
in Fig. 6.3. Thereafter, P. grandiflora tuber extracts prepared in methanol, water, and acetone were conjugated with the
AgNPs where the successful conjugation was confirmed by FTIR analysis that revealed the presence of —OH, C=C, C—H,
and C=0 groups of the plant extract. Next, the antimicrobial activity of biogenic AgNPs conjugated with plant extract was
evaluated wherein acetone plant extract nanoconjugate exhibited considerable growth inhibition against methicillin-
resistant Staphylococcus aureus (MRSA) with an inhibition zone of 24 mm. Likewise, chemically synthesized AgNPs
also showed effective antibacterial activity against E. coli and S. aureus after conjugation with aqueous extracts of
P. grandiflora tubers. Moreover, the MBC of 0.05 mg/mL was obtained when AgNPs were conjugated with acetone plant
extracts.

In another study, Abdulrazaq et al. (2021) reported the conjugation of Sterculia setigera bark extracts with AuNPs and
investigated its biological activity. AuNPs were synthesized using the bark extracts as a reducing agent wherein the AuNPs
demonstrated a strong SPR absorption signal at 531 nm. The high-resolution TEM (HRTEM) images demonstrated the
spherical morphology of the biogenic AuNPs. Thereafter, the prepared AuNPs were conjugated with powdered S. setigera
bark extract to obtain a nanoconjugate which was further functionalized by PEG and diminazene aceturate. The anti-
trypanosomal activity of the nanoconjugates was then evaluated in infected mice wherein a considerable decrease in
parasitemia was observed after 6 days of treatment with the plant extract-AuNPs conjugate.

In another similar study, AuNPs were conjugated with withanolide-A obtained from Withania somnifera (Tabassam
et al., 2020). A chemical synthesis approach was carried out for the preparation of AuNPs. The obtained AuNPs were
spherical in shape with a characteristic SPR peak at 523.5 nm. The conjugation of AuNPs with 10 pg/mL of withanolide-A
resulted in a slight change in the SPR peak to 525.5 nm. TEM images showed an average particle size of 20 nm with
uniform distribution of the particles wherein the size of AuNPs was not altered after phytoconjugation. Later, the cyto-
toxicity of the obtained phyto-nanoconjugate was determined against breast cancer cell lines (SKBR3) using 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A dose-dependent cytotoxic activity was observed
wherein high antiproliferative activity was facilitated by the phytochemicals conjugated with the AuNPs. The growth of
SKBR3 cancer cells was inhibited at a half-maximal concentration of phyto-nanoconjugate as compared to free
withanolide-A.
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FIGURE 6.3 Analysis of biological synthesis of silver nanoparticles. TEM images of Magnetospirillum magnetotacticum with silver nanoparticles (A),
silver nanoparticles (B), lattice fringes (C), and EDX pattern (D). Reprinted from Murei A, Pillay K, Govender P, Thovhogi N, Gitari WM, Samie A:
Synthesis, characterization, and in vitro antibacterial evaluation of Pyrenacantha grandiflora conjugated silver nanoparticles, Nanomaterials 11:1568,
2021.

In another study, Reena et al. (2016) prepared biogenic gold nanoparticles (AuNPs) that were loaded with Leucas
aspera extract. A water-in-oil emulsion method was carried out for the preparation of AuNPs using the Leucas aspera plant
extract along with a poly lactic acid-co-poly ethylene glycol-co-poly lactic acid (PLA-PEG-PLA) copolymer. The PLA-
PEG-PLA copolymer was prepared by the ring opening polymerization of D, L-lactide through supplementation of
PEG-1500 (PEG1500) which had an inherent viscosity of 0.24 dL/g. The plant extract loaded AuNPs nanoconjugate was
synthesized using an ultrasonication-induced water-in-oil emulsion technique wherein the copolymer and plant extract
were dissolved in chloroform and ethanol, respectively while the auric chloride was dispersed in water. The ultraviolet-
visible (UV-vis) absorption spectra of the plant extract-loaded gold nanoconjugate demonstrated surface plasmon reso-
nance (SPR) at 540 nm along with 7t-7t* transition of the plant extract at 260 nm. The X-ray diffraction (XRD) pattern of
the nanoconjugate highlighted its crystallinity while TEM images showed its spherical morphology with an average
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particle size of 25 nm. In vitro cytotoxicity of the nanoconjugate was analyzed against the Vero cell line of South African
green monkey’s kidney cells wherein more than 97% cell viability was observed in the presence of 25 ng/mL of plant
extract loaded gold nanoconjugate. The antiinflammatory activity of the nanoconjugate was evaluated in which the
antiproteinase activity of the plant extract-loaded gold nanoconjugate increased with a concomitant increase in the
copolymer concentration. The antiinflammatory activity of the AuNPs was increased only after the encapsulation of Leucas
aspera extract.

Geranium wallichianum leaf extracts were also conjugated with zinc oxide nanoparticles (ZnONPs) by Abbasi et al.
(2020) for improvement in its bioactivity. ZnONPs were prepared by the reduction of Zn(NO3),-6H;O using
G. wallichianum leaf extract which showed SPR at 398 nm. TEM images, as seen in Fig. 6.4, further revealed the hex-
agonal morphology of the ZnONPs along with an average size of 18 nm while the zeta potential and PDI were —8.53 mV
and 0.232, respectively. Moreover, Raman and Fourier transform infrared (FTIR) spectroscopy analyses indicated the
involvement of G. wallichianum leaf extract in preventing agglomeration of the ZnONPs that were present on the surface
of the particles. The inhibition concentration-50 (ICsg) of the G. wallichianum leaf extract-ZnONP conjugate was
39.26 pg/mL against liver cancer (HepG2) cells. Likewise, the antileishmanial property of the ZnONPs against Leishmania
tropica showed an ICsy of 15.60 pg/mL. Furthermore, the antibacterial activity of the biogenic ZnONPs-plant extract
conjugate was investigated wherein considerable activity was observed against a wide range of Gram-positive and negative
bacterial strains such as Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, Klebsiella pneumoniae, and
Escherichia coli. Antifungal activity of the biogenic nanoconjugate was also evident against Aspergillus flavus, Aspergillus
niger, Fusarium solani, and Mucor racemosus. The antioxidant ability of ZnONPs was also evaluated, wherein the total
antioxidant capacity was 52.43% at a concentration of 200 pg/mL of the biogenic nanoparticles.

24 nm

FIGURE 6.4 SEM and TEM images of Geranium wallichianum mediated ZnONPs using zinc nitrate as a precursor (A—C) HR-SEM images (D) TEM
image. Reprinted from Abbasi BA, Igbal J, Ahmad R, Zia L, Kanwal S, Mahmood T, Wang C, Chen JT: Bioactivities of Geranium wallichianum leaf
extracts conjugated with zinc oxide nanoparticles, Biomolecules 10:38, 2020.
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Ali et al. (2016) also prepared surface functionalized ZnONPs for targeting multi-drug resistant bacteria. ZnONPs were
biologically synthesized and capped by Aloe barbadensis Miller leaf extract (ALE) which showed a characteristic UV-vis
absorption peak at 375 nm. XRD pattern of the obtained ALE-capped ZnONPs showed its crystalline nature whereas SEM
and TEM images demonstrated its pleomorphic shapes some of which were spherical, oval, and hexagonal with an average
size of 14 nm. Later, the antibacterial and antibiofilm activity of the capped ZnONPs was investigated against extended-
spectrum beta-lactamase (ESBL) producing as well as methicillin-sensitive and resistant bacteria. The MIC and MBC
values of ALE-capped ZnONPs against ESBL-producing E. coli and P. aeruginosa were 2200 and 2400 pg/mL and 2300
and 2700 pg/mL, respectively. Similarly, the MIC and MBC values for ALE-capped ZnONPs against methicillin-resistant
S. aureus (MRSA) and methicillin-sensitive S. aureus (MSSA) were 2000 and 2200 pg/mL, and 2200 2400 pg/mL,
respectively. The SEM images of the bacterial strains after treatment with plant extract capped-ZnONPs revealed cellular
damage. The biofilm-forming ability of ESBL-producing E. coli, P. aeruginosa and MRSA-1 were inhibited by
21.9 + 3.0%, 60.5 £ 5.0%, and 5.3 & 3.0%, respectively. In addition, the production of extracellular polysaccharides by
ESBL-producing bacteria was also reduced after nanoconjugate treatment. Flow cytometry results further confirmed the
internalization of ALE-capped ZnONPs in both Gram-negative and Gram-positive bacteria with a 9.7- and 1.9-fold in-
crease in the granularity of E. coli and MRSA cells, respectively. Moreover, a reactive oxygen species (ROS) fluorescent
dye indicator dichlorodihydrofluorescein diacetate (DCFH-DA) was used for the detection of ROS generation in the
bacterial cells after treatment with ALE-capped ZnONPs. The presence of 250—2000 pg/mL of ALE-capped ZnONPs
resulted in the production of 102 £ 4—358 + 8%, 118 &+ 8—256 £ 6%, and 100.8 & 6—137 & 6% of ROS in E. coli,
P. aeruginosa, and S. aureus, respectively.

In another interesting study, Kitture et al. (2015b) prepared zinc oxide nanoparticles (ZnONPs) Pterocarpus santalinus
(red sandalwood) conjugate and evaluated its antidiabetic properties. Zinc acetate was used for the preparation of ZnONPs
which were then conjugated with the plant extract. Field-emission scanning electron microscopy (FE-SEM) images of
ZnONPs revealed their monodispersed nature with an average size of 20 nm whereas X-ray diffraction (XRD) studies
confirmed the wurtzite phase of the ZnONPs. Ultraviolet-visible (UV-Vis) spectral analysis then revealed the presence of
characteristic absorbance peaks at 380 and 197 nm in the nanoconjugate corresponding to ZnONPs and the plant extract,
respectively. Around 65% loading efficiency was observed for the plant extract onto the surface of ZnONPs. The anti-
diabetic activity of the nanoconjugate was investigated wherein the nanoconjugate showed 20% inhibition of a-amylase as
compared to 83.7% inhibition by acarbose which was used as the positive control. The ZnONPs-red sandalwood conjugate
exhibited 61.93% inhibition of murine pancreatic glucosidase activity as compared to 21.48% and 5.90% inhibition by
ZnONPs and crude plant extract, respectively.

In a similar study, Kitture et al. (2012) conjugated curcumin with iron oxide nanoparticles (Fe3O4NPs) and explored its
radical scavenging activity, tumor suppression ability, and cancer hyperthermia. A reverse coprecipitation method was
employed for the synthesis of FezO4NPs that were then conjugated with curcumin using a citrate linker. TEM images of the
Fe;04NPs conjugate revealed monodispersed nanoparticle with size ranging from 15 to 20 nm. The XRD analysis
confirmed their crystalline behavior. The magnetic properties of the nanoconjugate were studied using a vibrating-sample
magnetometer which showed a saturation magnetization value of 60 emu/g that was higher than Fe;O4NPs. Thereafter, the
tumor suppression activity of the surface functionalized nanoparticles was investigated wherein complete tumor sup-
pression was obtained in the presence of 10 ppm of the nanoconjugate. Additionally, superior superoxide anion and su-
peroxide radical scavenging highlighted the enhanced antioxidant activity of the nanoconjugate.

Diosgenin obtained from Dioscorea bulbifera was also used for the functionalization of iron oxide nanoparticles
(Fe304NPs) by Ghosh et al. (2015b) that were then used as anticancer agent. The synthesized Fe3O4NPs capped with
citrate were functionalized with diosgenin. The functionalized Fe;O4NPs were monodispersed with a size range of
19—21 nm. Diosgenin functionalized Fe3O4NPs demonstrated 51.08 &+ 0.37% antiproliferative activity against human
breast cancer cells (MCF-7) which was higher as compared to citrate-capped Fe3;O4NPs and diosgenin alone. The
migration of MCF-7 cells was also inhibited by 40.83 4+ 2.91% after treatment with Fe304NPs-diosgenin conjugate,
whereas untreated control cells demonstrated 91.53 + 2.44% motility. The nanoconjugates showed apoptosis induction
wherein phosphatidyl serine from the inner leaflet of the cell membrane was translocated to the outer membrane. Hence, it
was proposed that the decrease in cell viability after nanoconjugate treatment was a result of apoptotic induction. Further
analysis revealed the specific cleavage of poly-ADP ribose polymerase (PADP) after nanoconjugate treatment which
highlighted the activity of Fe;O4NPs-diosgenin conjugate as an effective apoptotic inducer.
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Concluding remarks and future prospects

Medicinal plants are a reservoir of diverse phytochemicals such as alkaloids, coumarins, fatty acids, flavonoids, glycosides,
naphthoquinones, saponins, steroids, and terpenoids with promising therapeutic activities (Bloch et al., 2022). However,
often these phytochemicals are nonpolar and sparsely soluble in an aqueous medium. Hence, bioavailability is a major
drawback for obtaining desired therapeutic activity. Hence, it is important to develop and design an efficient delivery
vehicle for the effective transport of the bioactive principles to the target site followed by sustained release (Ghosh, 2019).
Biogenic nanoparticles are more advantageous as carriers due to their biocompatibility and large surface area (Ghosh,
2018). Gold, silver, copper, platinum, palladium, and other nanoparticles synthesized by bacteria, fungi, algae, and plants
can be functionalized with the plant extracts for anticancer and antimicrobial activities (Bloch et al., 2021; Nitnavare et al.,
2022; Ghosh et al., 2018). Numerous plant extracts have shown promising potential as prebiotics that can promote the
growth and activity of probiotics. The probiotic microflora has tremendous nanobiotechnological potential (Ghosh et al.,
2022). Hence, nanoparticles synthesized by the probiotic microbes can be used as effective functionalization surfaces for
the plant extracts. Certain plant compounds and nanoparticles can effectively adsorb hazardous dyes and/or heavy metals
and convert them to nontoxic forms. Hence such plant extracts and nanomaterials can be combined together as conjugates
for the enhancement of their activity (Luikham et al., 2018; Ghosh, 2020). Likewise, numerous bioactive principles from
medicinal plants exhibit potent apoptotic induction in cancer cells. Conjugating these phytocompounds with magnetic
nanoparticles may result in the magnetic field-mediated effective targeting of the composite to the cancer site (Ghosh et al.,
2019). Biofilms in bacteria are resistant to conventional antibiotics and play a significant role in multidrug resistance. Plant
extracts and nanoparticles with biofilm-inhibiting and eradicating effects should be conjugated for enhanced antibiofilm
activity (Ranpariya et al., 2021). Further, antibiotics can be conjugated with these composite systems to synergistically
increase the antimicrobial activity and spectrum of affectivity. Such strategies may prove to be extremely powerful for
controlling nosocomial infections.

In view of the background, it can be concluded that plant extract-conjugated nanoparticles can help in synergistic
augmentation of the therapeutic activity. This can result in the development of promising nanomedicine with enhanced
penetrability, targeted delivery, sustained release, and simultaneous monitoring and/or bioimaging. However, thorough
pharmacokinetic and pharmacodynamic studies should be carried out along with toxicity tests before they can be approved
for entering mainstream therapeutics.
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Introduction

Nanoparticles (NPs) are define as a material with a measurement lengthwise 1—1000 nm in at least one dimension;
although, they are most usually characterized as possessing a diameter of 1—100 nm (Jeevanandam et al., 2018). There are
three methods and two approaches for the synthesis of NPs; methods are chemical, physical, and biological, whereas
approaches involve top to bottom and bottom to top (Ijaz et al., 2020; Baig et al., 2021). Chemical and physical methods
are conventionally utilized methods for the synthesis of NPs; however, they are not reliable due to the use of toxic
chemicals for the optimal size and shape of the NPs, being expensive, lots of energy and time consumption, and mostly not
being environment friendly. As a substitute of aforementioned traditional methods, researchers are moving toward the use
of the biological methods due to the higher bioactivity, stability, and eco-friendliness of NPs and the cost effectiveness of
the method (Ahmad et al., 2017; Mohd Yusof et al., 2019; Shafey, 2020; Zahoor et al., 2021). Microorganisms (such as
bacteria, fungi, algae, and archaea) and plants are often used as a source of synthesis in biological processes. Amid all the
biological sources, fungi are the most suitable microorganism for the fabrication of NPs due to their sustainable properties
toward the harsh fermentation conditions (e.g., aeration and agitation), ease to produce in bulk, and tolerate wide range of
pH. Fungi specially isolated from extreme environmental niches (such as marine environment) tends to secrete bio-
molecules with higher bioactivities and stability at room temperature. Silver is the extensively used metal by mankind from
the ancient time in various form due to its antimicrobial properties Likewise, silver NPs are also known and being the
interest of topic due to their efficient antimicrobial, antioxidative, larvicidal, and anticancer potency. Earlier research
studies reported that the genus like Aspergillus, Trichoderma, Hamigera, and Fusarium are known for the effective
synthesis of AgNPs (Mistry et al., 2021; Thakor et al., 2022a; Mistry and Bariya, 2021).

In this study, biogenesis of AgNPs was carried out utilizing cell-free filtrate (CFF) of marine procured fungi Hamigera
terricola. Mycosynthesized AgNPs were characterized using various spectroscopic and microscopic techniques such as
UV-visible spectroscopy, Fourier transform infrared (FTIR), X-ray diffraction (XRD), and transmission electron micro-
scopy (TEM). Efficacy of mycosynthesized AgNPs was also tested for their antioxidant capacity and antimicrobial activity
(against three Gram-positive, three Gram-negative, and one plant pathogenic fungi).

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00002-2
Copyright © 2024 Elsevier Inc. All rights reserved. 89
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Experimental
Biogenic synthesis of AgNPs

Hamigera terricola (GenBank accession number: MT647133) was cultured in the potato dextrose broth under shaking
condition (120 rpm) for 96 h at 28°C. The fungal biomass (6 g) was separated using Whatman filter paper no. 42, cleansed
in sterilized double-distilled water, then again suspended in 100 mL of sterilized double-distilled water, and incubated at
60°C for 24 h in water bath. The biomass was again separated by Whatman filter paper no. 42, and the CFF was collected.
The acquired CFF was subjected for the biogenesis of AgNPs. The reaction mixture utilized for the biosynthesis of AgNPs
consisted of 10 mL CFF (pH-9) and 90 mL silver nitrate solution (10 mM AgNO3, MW- 169.87, HiMedia). The reaction
mixture was incubated at 60°C in the water bath under dark conditions to prevent any photochemical reaction (Mistry et al.,
2021).

Characteristics analysis of AgNPs

The UV-visible spectrophotometer (Shimadzu, 1800 series) was employed to analyze the unique absorption spectrum of
mycosynthesized AgNPs in the range between 300 and 700 nm. Band gap energy (Eg) of AgNPs was estimated by Tauc’s
plot. FTIR analysis was conducted to study the surface chemistry of the AgNPs in the range of 4000 cm ™' to 650 cm ™.
The XRD pattern of AgNPs was obtained using an XRD operated at 30 kV and 100 mA. The CuKa radiation with the
wavelength of 1.5406 nm was used for obtaining the spectral scan in the 20 range from 0 to 90 degrees. The surface

morphology (e.g., size and shape) of the biosynthesized AgNPs was studied through TEM imaging (Thakor et al., 2022a).

Antioxidant activity of AgNPs

With a few minor alterations, the procedure described by Keshari et al. (2020) was used to evaluate the antioxidative
potential of the synthesized AgNPs. The capability of AgNPs to scavenge the free radicals was determined by performing
2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay. 1 mL of freshly made DPPH (1 mM) solution was vortexed with varied
concentrations of 1 mL AgNPs (10, 20, 30, 40, 50, 75, and 100 pg/mL). The solution was incubated at room temperature
under dark conditions (for 30 min). At 517 nm, readings of the solution were recorded. Methanol served as a blank, and all
the reagents together with DPPH were used as a control. The free radical scavenging activity was denoted as inhibition
percentage, which was calculated by the following equation as determined below.

P.—P
Free radical scavenging activity (%) = % x 100

Where, Pc = absorbance of control and Ps = absorbance of sample.

Antimicrobial activity of AgNPs

The representative microorganisms utilized for the evaluation of antimicrobial activity consisted of six bacterial strains viz.
three Gram-positive bacteria specifically, S. aureus, B. megaterium, and B. subtilis, three Gram-negative bacteria explicitly
E. coli, P. aeruginosa, and S. typhi, as well as Fusarium oxysporum (plant pathogenic fungi). The well diffusion method
was employed to study the antimicrobial activity.

Antibacterial activity

For performing antibacterial activity, the bacterial strains were cultured in nutrient broth and incubated at 37°C for 24 h.
The bacterial growth was adjusted to 0.5 according to McFarland standards. In laminar air flow, 100 pL bacterial sus-
pension was spread on a nutrient agar plate. Each well (12 mm in diameter) was inoculated with 100 pL of synthesized
AgNPs, 10 mM AgNOs, and standard streptomycin (1 mg/mL). Distilled water and streptomycin were used as negative
and positive controls, respectively. The zone of inhibition was measured using zone scale (HiMedia) after overnight
incubation at 37°C.

Antifungal activity

The antifungal activity of the synthesized AgNPs was assessed against plant pathogenic fungi Fusarium oxysporum.
1 x 10° spores/mL spore suspension of F. oxysporum was adjusted in hemocytometer and spread on potato dextrose agar
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plate (Thakor et al., 2022a). The sterilized cup borer was employed to punch the well of 12 mm diameter under aseptic
conditions. Each well was filled with 100 pL of the synthesized AgNPs, AgNO3 (10 mM), and cycloheximide (1 mg/mL)
as an antifungal agent. Cycloheximide acts as a positive control. All the inoculated plates were incubated at 28°C in an
upright position for 72 h. The zone of inhibition was measured utilizing zone scale (HiMedia) (Pawar and Patil, 2020).

Statistical analysis

Obtained raw data were processed and analyzed with IBM SPSS Statistics 24. All the experiments were performed in
triplicates to acquire mean and standard error (SE) values. One-way analysis of variance (ANOVA) analysis was also
performed to assess the significance level at P < .05 value. Graphical illustrations were produced in Origin 2018b (9.55)
(Thakor et al., 2022b).

Experimental outcomes

Fig. 7.1 represents the morphologic and microscopic images of the fungi Hamigera terricola, which was obtained from the
marine water sample (Diu, India). The reaction of the CFF of H. terricola and AgNOj3 solution culminated in an expe-
ditious color change of the solution from colorless to yellow followed by brown at 24 h as the reaction continued.

UV—visible spectroscopic analysis

On the reduction of silver ions, AgNPs produce brown color that indicates the formation of AgNPs. This color change is
due to the unique surface plasmon resonance (SPR). Stable and constant synthesis of AgNPs was monitored though UV-
visible spectroscopy (Shimadzu, UV-1800 series). The peak for the synthesized AgNPs was found at 425 nm, which
indicates the spherical and smaller size of NPs (Alsharif et al., 2020; Patel et al., 2020). Fig. 7.2A indicates that the
concentration/synthesis of the AgNPs was increased with the reaction time. No blue or red shift has been observed even
after 6 months of storage at room temperature proves that the AgNPs are highly stable. This stability was observed might
due to the capping of a proteinaceous agents present into the CFF of the H. terricola, which prevents NPs to get aggregate
(El-Naggar et al., 2018).

Band gap energy (eV) analysis

Band gap energy of AgNPs is depended on the size of the particles. Several studies reported that the band gap energy of
NPs is inversely proportional to the size of the particles, which means smaller size of the particles lead to the higher
band gap energy. Band gap energy of AgNPs was estimated from the Tauc’s plot by extrapolating the linear portion of
the UV-visible curve. Fig. 7.2B indicates that the mycosynthesized AgNPs possess the value of band gap energy of
about 2.18 eV. Large value of band gap energy pursuing AgNPs can be additionally used in optoelectronic devices,
sensors, and batteries as a semi-conductive material. The value of band gap is much similar to earlier reported literature,
and this value could be due to quantum confinement effect (Mistry et al., 2021; Thakor et al., 2022a; Das et al., 2016).

FIGURE 7.1 Hamigera terricola grown in petri plate with growth medium (A) along with its specific spore structure (B) observed under microscope
(40X).



92 PART | I Nanotechnology

180
(a) 2.0+ ———DW-1(24 h) CFF AgNPs (b) —DW-1
——DW-1 (48 h) e 1604
1.8 DW-1 (72 h) :
i —— DW-1(96 h) 140 1
6 —— DW-1 (6 hs
1(6 months) & 540l
1.4+ ™~
2 £ 2
§ i g 100
g 1.0 N3 80-]
0.8+ :: 60
0.6+ =
0.4 204
it TG S i e, Ol T | ﬂn 5 10 1.5 2.0 25 30
300 350 400 450 S00 550 600 650 T00 ™ s - o A %
Wavelength (nm) Energy (eV)
70 -
(¢) — DW-1 (d) = —DW-1
60 - l J
? —
S 50- ]
3 S}
g 2
e - — r .
-E 304 % COD ID: 1100136
E > . .
£ 204 =
—
= Jo- l
0 T v T T T T T | T v | ||
4000 3600 3200 2800 2400 2000 1600 1200 800 10 20 30 40 50 60 70 80 90
Wavenumber {cm") 20 (deg.)

FIGURE 7.2 UV-visible spectroscopy (A), band gap energy graph (Tauc’s plot) (B), Fourier transform infrared (FTIR) (C), and X-ray diffraction (XRD)
spectra of AgNPs synthesized from cell-free filtrate (CFF) of Hamigera terricola (D).

Fourier-transform infrared spectroscopy analysis

In the optimum reaction condition, biomolecules secreted by fungi get immediate attachment on the surface of reduced
silver ions, which provide stability and bioactivity to the AgNPs (Rheder et al., 2018). Surface chemistry of mycosyn-
thesized AgNPs by DW-1 was studied though the ATR-FTIR spectroscopy in the range of 4000 cm™' to 650 cm™'. FTIR
spectral analysis is represented in Fig. 7.2C. The peak obtained at 3266 cm ™' was due to the presence of O—H stretching of
alcohol or phenol (Thirunavoukkarasu et al., 2013). Peaks at 2093 cm~ ! and 1660 cm™! were attributed to the C=S
stretching of sulfur containing compound and C—C or C—N stretching from alkene or amines, respectively (Kumar et al.,
2014; Koyyati et al., 2014). The peak acquired at 744 cm ™' represents the attachment of C—H bending from alkanes (Jyoti
et al., 2016).

XRD analysis

X-ray diffraction peaks exhibited the nanocrystalline structure of the H. ferricola—assisted AgNPs. The crystalline nature
of materials at atomic level is studied by XRD analysis (Zhang et al., 2016). Fig. 7.2D indicates the unique XRD patterns
of the H. terricola synthesized AgNPs, which indicates the face centered cubic (fcc) crystallographic planes of Ag. In the
XRD pattern, the diffraction peaks were corresponded to [110], [111], [220], and [311] at 26 and represented with the
respective values of 32.30, 37.91, 64.38, and 77.2 degrees. Obtained XRD spectrum was compared with the COD ID no.
1100136 and the mean particle (grain) size was determined by the formula as given below (Lotfy et al., 2021).

092
" Bcosb

Where, D = crystalline size in nm
A = X-ray wavelength (0.1541 nm)
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TABLE 7.1 X-ray diffraction interpretation.

Sr. no. 20 0 FWHM Crystallite size D (nm) D nm (average) (hkl)
1 323 16.15 1.87 4.42 5.94 + 0.6 110
2 37.91 18.955 1.47 5.71 111
3 64.38 32.19 1.48 6.34 220
4 77.2 38.6 1.39 7.31 311

The mean particle size (n = 4) of grain size + standard error.

B = full width at half maximum (FWHM) for angular line of the peak (in radians)

6 = Bragg’s diffraction angle (Lotfy et al., 2021)

The estimated average size of the AgNPs synthesized by Hamigera terricola was 5.94 + 0.60 nm ranging from 4.42 to
7.3 nm as indicated in Table 7.1.

TEM analysis

The TEM imaging exhibited the surface chemistry of the biosynthesized AgNPs mediated by the CFF of H. terricola,
which includes size and shape, under the optimal working conditions. The AgNPs expressed polydispersity and spherical
shape, with the mean particle size of 4.7 £ 1.26 nm in the range of 0.56—11.5 nm, as per the results obtained by TEM
analysis. In addition, the selected area (electron) diffraction (SAED) pattern was also acquired by TEM imaging.
Fig. 7.3A—C depicts the TEM images at the 50 nm scale, SAED pattern, and the size distribution curve of AgNPs. The
SAED diffraction pattern is one that uses reverse space in the lattice planes. The SAED pattern and the XRD analysis are in
correspondence with each other indicating the crystallinity of the biosynthesized AgNPs. The ring-like electron diffraction
patterns indexed as [110], [111], [220], and [311] lattice planes relate with the face-centered cubic (FCC) structure of silver
(Ag), which corresponds with the XRD analysis, and were determined by the SAED pattern acquired from the synthesized
AgNPs (Wang et al., 2021).

Antioxidant activity

Assessment of antioxidant activity by the biosynthesized AgNPs was executed by the DPPH radical scavenging assay.
Antioxidants are crucial for the functioning inside the living systems and act against reactive oxygen species (ROS) such as
H,0,, hydroxyl radicals, and singlet oxygen. The potency of antioxidants for scavenging free radicals is beneficial for
preventing many fatal diseases (Taha et al., 2019). The results depicted the concentration-dependent scavenging activity of
the AgNPs synthesized by H. ferricola. The scavenging activity of the DPPH was also elevated with the increase in the
concentration of AgNPs (10—100 pg/mL), indicating the effective antioxidative potency of the synthesized AgNPs as
shown in Fig. 7.3D. The AgNPs exhibited a dose-dependent pattern for their ability to scavenge free radicals, which
increases with the increased dosage. The biosynthesized AgNPs exhibited an antioxidant activity of 80.83 + 0.45% at a
maximum concentration of 100 pg/mL. The biosynthesized AgNPs revealed the ICsg value of about 48.23 pg/mL against
DPPH, which displays the potentials of AgNPs as an efficient antioxidant in different fields (Keshri et al., 2020; Mistry
et al., 2022; Thakor et al., 2022a; Verma et al., 2022).

Antimicrobial activity of AgNPs

Antimicrobial activity of biogenic AgNPs was assessed against three Gram-positive, three Gram-negative, and one plant
pathogenic fungi. Table 7.2 represent the antimicrobial potential of AgNPs in the form of zone of inhibition (ZOI)
in mm. Experiment was carried out in triplicates to obtain the mean and standard error values. ANOVA analysis in-
dicates that the obtained data are highly significant at P < .001. The highest ZOI was observed against S. typhi, which
was about 29 + 1.15 mm, and the lowest ZOI was observed against E. coli, which was about 24 + 0.57 mm. AgNPs
have also shown effective antifungal activity against plant pathogenic fungi F. oxysporum, which was about
22.33 £ 0.33 mm of ZOI. Obtained data revealed that the AgNPs have exhibited higher antimicrobial potency compare
to the standard antibiotic used for bacteria and fungi which were streptomycin and cycloheximide. Where no inhibition
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FIGURE 7.3 TEM images (at 50 nm) (A), selected area (electron) diffraction (SAED) pattern (B), size distribution curve (C), and antioxidant activity of
AgNPs (D).

TABLE 7.2 Antimicrobial activity of mycosynthesized AgNPs.

Antibacterial activity

Sr. no. Bacterial strain Zone of inhibition (mm)
AgNPs (100 pL, 1 mg/mL) Streptomycin (100 pL, 1 mg/mL) 10 mM AgNO3 (100 plL)
1 E. coli 24 +0.57 16.66 £ 0.33 1233 £1.2
2 S. typhi 22.66+1.2 17.33 £0.33 12 £0.57
3 P. aeruginosa 23 £1 18.66 £ 1.33 12.33 £1.45
4 B. subtilis 27.33 £0.88 19.33 £1.76 11.66 £+ 0.33
5 B. megaterium 25.33 £0.66 22.66+1.76 11.66 £ 0.33
6 S. aureus 27.66 +£0.88 24.66 £ 1.45 12.33 £0.88
P Value <0.0001 F Value 52.47

Antifungal activity

Sr. no. Fungal strain Zone of inhibition (mm)

AgNPs (100 pL, 1 mg/mL) Cycloheximide (100 pL, 1 mg/mL) 10 mM AgNO3 (100 pl)
1. F. oxysporum 22.33+0.33 12.33 £ 0.66 11 +£1.52
P Value 0.0003 F Value 39.85

The mean particle size (n = 4) of grain size + standard error.
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was observed for microorganisms treated with distilled water. Mechanisms which may be responsible for the antimi-
crobial activity of the AgNPs synthesized by H. terricola are: (1) AgNPs form free radicals which consequent in
oxidative stress (Mistry et al., 2022); (2) cause damage to the cell membranes of the microbes, ensuing into the lysis of
the cell (Ismail et al., 2018); and (3) disrupts the replication of DNA and ATP synthesis via microbial absorption (Ansar
et al., 2020). Earlier reports have been denoted that the AgNPs are less effective against Gram-positive bacteria due to
deposition of thick peptidoglycan layer on the surface of cell wall. But in this experiment, AgNPs also had shown their
efficacy against Gram-positive bacteria (Mistry et al., 2022). Due to effective antimicrobial activity against human
pathogenic bacterial strains and plant pathogenic fungal strains, these AgNPs can be employed for the treatment of
multidrug resistance pursuing microbes as a broad-spectrum antibiotic.

Conclusion

Synthesis of the AgNPs from the CFF of the marine procured fungi H. terricola was first time reported in this study.
Synthesized AgNPs were characterized and had proven to pursue spherical shape with small size. Biomolecules present in
the CFF provide reducing as well as capping agents to the AgNPs. These attached biomolecules contribute to the
enhancement of bioactivity of AgNPs. Higher antioxidative and antimicrobial efficacy suggests that the mycosynthesized
AgNPs can further be used as a broad-spectrum antimicrobial, antidiabetic, larvicidal. and anticancer agents.
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Introduction

There are many challenges in front of humanity that need to be taken care of before they threaten our existence. Recent
technological advancements have tried to solve or reduce their environmental effects. The chapter will discuss one such
advancement for dealing with biomedical-related issues which is nanotechnology. Currently, many pieces of research in
nanotechnology are taking place in and around the world to help in dealing with various problems at our hands. Physicist
Richard Feynman was the first to present the idea of nanotechnology in “There’s Plenty of Room at the Bottom™ at the
American Physical Society in 1959 (Feynman, 1992) whereas the term was first coined in 1974 by Taniguchi, a Professor
at Tokyo Science University. Nanotechnology, which has strong linkages to nanoscience, is the molecular or atomic-level
manipulation of matter to create novel materials and devices with newly remarkable qualities (Bhagyaraj and Oluwafemi,
2018). According to the National Nanotechnology Initiative (NNI, 2010), nanotechnology consists of “The understanding
and control of matter at dimensions between approximately 1 & 100 nm, where unique phenomena enable novel appli-
cations” (McNeil, 2005). It deals with particles in the 10~ range which is unimaginably small, but it doesn’t just mean
making particles less in size, it is meant to increase the surface area of the particles without altering their volume. There is
quite a relationship between surface area and volume, but the question is “How the ratio of surface area to volume
inevitably influences a nanoparticle’s qualities?” Nanosized particles have more surface area susceptible to interacting with
others at the same volume as the bulk matter, which reduces the amount of the required particles for treatment, resulting in
reduced toxicity.

Nanoparticles are unimaginably small particles whose construction is quite challenging but fairly completed using two
methods namely the top-down approach and the bottom-up approach (Whitesides and Love, 2001). The top-down
approach is a destructive-based technique in which the small particles are created from bulk material and transformed
into appropriate nanoparticles (Mijatovic et al., 2005). Whereas in the bottom-up approach, nanostructures are formed by
stacking the building block, i.e., atoms on one another. In this approach, the use of single-molecule components chemical
properties causes them to self-organize or self-assemble into a suitable shape or rely on positional assembly (Iravani,
2011). The generation methods for nanoparticles are mainly classified into three types, viz., physical, chemical, and
iological methods. These three methods of nanoparticle generation include various techniques for them having their ups
and downs for the particle and the surroundings as well. Various nanoparticles obtained via different techniques possess
different characteristics so an appropriate technique should be chosen for the production. The downsides of these tech-
niques motivate researchers to continue the work of finding better production techniques. The drawbacks of the physical
methods mainly include time consumption, thermal stability, increase in environmental temperature, and occupying large
spaces (Kawasaki and Nishimura, 2006). Whereas chemical methods include the use of toxic elements and harsh reducing
agents (Pal et al., 2007). The biological method should be used because physical and chemical methods continue to have
issues. In the biological method, plants and microbes are utilized for nanoparticle production. There are various drawbacks
associated with biological methods such as maintenance of large-scale culture, slow production, and pathogenicity issues
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(Korbekandi et al., 2009). There is a new way of synthesizing nanoparticles to try and eliminate these drawbacks by using
plants for the same. This method is generally known as the green synthesis method in which plants or plant parts are used
for production purposes. This use of plants or plant parts for synthesis is an efficient and affordable process (Iravani et al.,
2014). Additionally, we are not required to maintain large-scale cultures and this is a nonpathogenic process. Various
nanoparticles produced via the green synthesis method allow us to try and resolve various issues at our hand. Due to its
antibacterial capabilities, the silver nanoparticle is of vital importance for a variety of biomedical issues. The production of
the same, i.e., silver nanoparticles, and their biomedical applications are discussed further.

Nanoparticle

Nanoparticles are larger than atoms or basic molecules that are subject to quantum mechanics but considerably smaller than
common things that are governed by Newton’s rule of motion (Horikoshi and Serpone, 2013). The transition when occurs
from microparticle to nanoparticle several changes take place which make them act differently than bulk material, like a
rise in surface-to-volume ratio and the size that is affected by the quantum realm. As the particles gradually get smaller, the
surface area to volume ratio rises, which causes the atoms on the particles surface to have a stronger magnetic field than the
atoms inside the particle. The increased surface area of nanoparticles results in a lot of interaction between the particles,
increasing strength and chemical resistance, among other unique features. Due to their adjustable physicochemical
properties, such as melting point, wettability, electrical and thermal conductivity, catalytic activity, light absorption, and
scattering, which produce better performance compared to their bulk counterparts, nanoparticles have become more sig-
nificant in technological advancements (Jeevanandam et al., 2018). Out of the many properties of nanoparticles, one of the
fundamental draws and features of the nanoparticle is its optical property. Even before the fourth century AD, artists and
sculptors utilized nanoparticles for their optical properties in their works. The Lycurgus cup is the most notable illustration,
a remarkable cup fashioned of dichroic glass, a highly unusual sort of glass that changes color when exposed to light.
Analysis revealed that it has these peculiar optical qualities because it contains a very small amount of a mixture of the
incredibly tiny (70 nm) metal crystals of Ag and Au in about a 14:1 M ratio.

Types of nanoparticles

Nanoparticles made from different bulk materials possess significant properties favoring their usefulness for different
purposes. These nanoparticles are of different types, each having unique properties from the other which can be more
helpful in some particular manner than others. The nanoparticles are present in many forms like core-shell NPs, magnetic
nanoparticles coated with a polymer, inorganic nanoparticles, and metallic nanoparticles (Ahmad et al., 2019). There are
various types of nanoparticles mainly classified based on the bulk material they are made from like organic, inorganic,
semiconductor, metallic, polymeric, and carbon-based. Nanoparticles included in organic-based are liposomes, micelles,
dendrimers, and lipid nanoparticles made from biomolecules that naturally occur in our body which makes them less toxic,
whereas inorganic nanoparticles mainly include nanoparticle’s small size, high surface area to volume ratio, and unique
structure all support the use of NPs for biological applications. Various instances of metallic nanoparticles are CulNPs,
AuNPs, AgNPs, PANPs, and PtNPs, out of them there is an expanding need in research for gold and silver nanoparticles
because of their superior characteristics and flexible applicability (Vadlapudi and Kaladhar, 2014). Silver nanoparticles
have a significant reactive surface area which helps in noteworthy biomedical reactivity, catalytic activity, and atomic
behavior (Xu et al., 2006). The formation of silver nanoparticles is significantly increased for biomedical applications due
to their antibacterial efficacy against microorganisms that are resistant to many drugs. Fullerene and carbon nanotubes
(CNT) are the major classes of carbon-based nanoparticles. Fullerene is a hallowed structured particle and draws attention
to itself because of its adaptability, electron affinity, high-strength structure, and electrical conductivity. CNTs are long
tubular structures with 1—2 nm in diameter possessing either metallic or semiconducting based on their diameter telicity
property (Khan et al., 2019).

Construction

The size of nanoparticles is in the nanometer range, which is unimaginably small and cannot be visualized by the naked
eye, a conventional instrument for visualizing nanoparticles is an electron microscope. To construct such a small particle is
quite challenging with the required characteristics. Nanoparticle construction is generally done by breaking the bulk
material into the required size or by respectively stacking the building blocks, the former is known as the top-down
approach, and the latter is called the bottom-up strategy. The top-down technique frequently employs classic workshop
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or microfabrication procedures, in which materials are cut, milled, and shaped into the required shape and order using
externally controlled equipment. Bottom-up methods should be able to build devices in parallel and at a lower cost than
top-down methods, but they risk becoming overwhelmed as the size and complexity of the desired assembly grow.
Nanoparticles are generated mainly by three methods, viz., physical, chemical, and biological methods. Every method has
various techniques included in them and has pros and cons which are discussed further.

Physical methods

Laser pyrolysis arc discharge technique, high-energy ball milling, electrospraying, evaporation-condensation, and metal
sputtering are only a few examples of the physical processes used to create nanoparticles. Various noble metal nano-
particles are formed by evaporation-condensation methods. Silver nanoparticles can be created using a small ceramic
heater and a nearby heating source, as has been demonstrated (Mafuné et al., 2001). Due to the steep temperature gradient
in the area surrounding the furnace, the vapor generated by heating is condensed quickly, allowing for the generation of
silver nanoparticles with a high concentration. Silver nanoparticles are generally formed by laser ablation technique from
bulk material in solution. The features of the generated silver nanoparticles and the effectiveness of the ablation are
influenced by the laser’s wavelength, the length of the laser pulses, the duration of the ablation, and the effective liquid
medium (Ankamwar et al., 2005). The absence of chemical pollutants is the primary benefit of the physical technique over
the chemical method which doesn’t intoxicate the produced nanoparticle.

Chemical methods

The most popular chemical procedures for creating nanoparticles include the sol-gel method, the microemulsion technique,
hydrothermal synthesis, polyol synthesis, and chemical vapor synthesis. The chemicals used for the production of
nanoparticles accts as reducing agents, the most common reducing agent for silver nanoparticle generation is NaBHjy.
Sodium citrate, hydroquinone, gallic acid, and elemental hydrogen are some other examples of reducing agents.
The nanoparticle generation generally takes place in solution in this type of method, so they possess colloidal properties.
The reducing agents reduce Ag silver ions to metallic silver (Ag®), and they get agglomerated into an oligomeric cluster. In
the presence of surfactants, the generated clusters are stabilized and protected from sedimentation, agglomeration, or loss
of their surface qualities, which ultimately results in the production of a colloidal metallic silver particle (Mohanpuria et al.,
2008).

Biological methods

Metallic nanoparticles are produced biologically, mostly using plants and microorganisms like bacteria, algae, fungi, and
yeast. For the production of nanoparticles, reducing and capping agents are the primary prerequisite in the biological
process, but most of the time, the components of the organisms cells serve in this capacity. Four out of the five kingdoms of
living things monera (prokaryotic creatures without a true nucleus), protozoa (unicellular organisms with a true nucleus),
fungus (eukaryotic, saprophyte/parasite), and plants have all been used in the AgNPs synthesis (eukaryotic, autotrophs).

Green synthesis

Nanoparticles and the environment both suffer from the traditional physical and chemical methods of nanoparticle for-
mation. The production process releases so many toxic components and pollutants into the environment and much energy
dissipation takes place increasing the temperature. So, there has been a need of finding an alternative to these methods for
nanoparticle synthesis which is simple, cost-effective, efficient, and increased product concentration. It can be achieved by
the use of biological agents like plants and bacteria found naturally in the environment. Green nanoparticle synthesis refers
to the production of nanoparticles using biological agents. Various biological agents used for the production of nano-
particles are bacteria, algae, fungi, yeast, and plants. Some of the techniques using the biological agents are described
below.

Bacteria mediated

Bacteria are single cellular organisms producing various inorganic materials intracellularly or extracellularly. In the
intracellular form of synthesis, silver accumulated in the cell initiates the process and progresses due to microbial
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expansion. After optimum bacterial development, the cells and the nanoparticle are extracted. The cell then goes through a
unique process to release the produced nanoparticle. Contrarily, in the extracellular form of synthesis, bacteria’s extra-
cellular secretion is used for the synthesis and doesn’t need to be treated in any unique way. They are a compelling source
for producing nanoparticles like gold and silver however, some of them are resistant to silver and can build up a dry mass
of silver on their cell wall (Paulkumar et al., 2013). The earliest evidence of silver nanoparticle synthesizing bacteria was
established by isolating the Pseudomonas stutzeri AG259 strain from a silver mine (Prabhu and Poulose, 2012). In the
presence of alpha-nicotinamide adenine dinucleotide phosphate reduced from NADPH-dependent nitrate reductase, AgNPs
were synthesized in vitro, which converts nitrate to nitrite. There have been numerous hypothesized mechanisms for silver
nanoparticles from bacteria, but the most plausible one was the synthesis of AgNPs in the presence of the enzyme nitrate
reductase (Chen and Schluesener, 2008). Rathod et al. studied the synthesis of AgNPs from alkaliphilic actinobacterium
Nocardiopsis valliformis and reported that they possess antimicrobial and cytotoxic properties (Rathod et al., 2016). Lateef
et al. suggested that crude extracellular keratinase can be used for the synthesis of AgNPs obtained from Bacillus safensis,
a keratin-degrading bacterial strain (Lateef et al., 2015). Patrycja et al. reported the increased activity of the antibiotics
when conjugated with AgNPs synthesized by Pilimelia columellifers subsp. Pallida, acidophilic actinomycetes (Golinska
et al., 2016). The primary drawback of utilizing bacteria to produce nanoparticles is their slow rate of synthesis and
constrained size range when compared to other methods (Rafique et al., 2017). Some other examples of bacteria-mediated
synthesis of AgNPs are given in Table 8.1.

Fungi mediated

Fungi are advantageous for the creation of metallic nanoparticles due to their high binding capacity, ability to bio-
accumulate metals, and high intracellular intake (Ahmad et al., 2003). The benefit of synthesizing nanoparticles using
fungus is that it grows faster and is simpler to handle and can easily be fabricated in a laboratory and can withstand severe
environmental conditions. The mechanism of the metallic nanoparticle is by reducing their ions by enzymes secreted by
them (Mandal et al., 2006), and reduction is said to be facilitated by extracellular enzymes such as naphthoquinones and

TABLE 8.1 Bacteria-mediated synthesis of AgNP.

Organisms Size Remarks References
Pseudomonas mandelii 1.9—10 nm Studied larvicidal activity against Anopheles subpictus and Mageswari et al.
diameter Culex tritaeniorhynchus. (2014)
Corynebacterium glutamicum 15 nm Showed enhanced antimicrobial activity against pathogenic Gowramma et al.
strains (2015)
Bacillus thuringiensis Under Amorphous, spherical shapes Pourali et al.
100 nm (2016)
Bacillus licheniformis 77—92 nm In vitro antimicrobial activity against human pathogens and Elbeshehy et al.
antiviral activity against bean yellow mosaic virus (2015)
Acidophilic P. columellifera = Antifungal activity against Malassezia furfur, Trichophyton Anasane et al.
subp. pallida rubrum, C. Albicans and Candida tropicalis (2016)
Pseudomonas fluorescens = Sensitive against K. pneumoniae and Xanthomonas Syed et al.
campestris (2016)
Bacillus Strain CS11 42—92 nm Nanoparticle exhibited absorption peak at 450 nm Das et al. (2013)
Pseudomonas stutzeri AG259 Upto 200 nm Characterization of nanoparticles established that crystals are Klaus et al.
embedded in organic matrix of bacteria (1999)
Bacillus licheniformis 50 nm Color change from whitish yellow to brown indicates the for-  Kalimuthu et al.
mation of silver nanoparticles (2008)
Klebisella pneumonia 1—6 nm Culture supernatant utilized for synthesis and by the use of =
visible light it was observed that mixing process affects the
silver nanoparticles formation
Nocardiopsis volliformis 5—50 nm Bacteria is alkaliphilic actinobacterium and exhibited anti- Rathod et al.
bacterial and cytotoxicity activity (2016)
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Organisms Size Remarks References
Candida albicans 20—80 nm Maximum antimicrobial activity against S. aureus Rahimi et al. (2016)
Fusarium sp. 12—20 nm Antibacterial activity against E. coli, S. typhi, and Singh et al. (2015)
S. aureus
Fusarium graminearum 45.5 nm Antimicrobial activity against Pseudomonas aeruginosa, Shafiq et al. (2016)
diameter Salmonella sp., C. albicans, and E. coli
Trichoderma viride 1=50 nm Inhibited growth of all tested pathogenic bacteria Elgorban et al. (2016)
Aspergillus versicolor 15.5 nm Antioxidant and antimicrobial activity Netala et al. (2016)
ENT7
Sclerotinia sclerotiorum 25—30 nm Antimicrobial activity is due to the lysis of AgNPs to the Saxena et al. (2016); Duran
MTCC 8785 deoxyribonucleic acid et al. (2016)
Colletotrichum sp. 20—50 nm DNA of treated E. coli showed deformed and damaged Azmath et al. (2016)
deoxyribonucleic acid
F. oxysporum = Antibacterial effect on textile fabrics Duran et al. (2007)
Aspergillus flavus 8.92 + Nanoparticles are monodispersed Vigneshwaran et al. (2007)
1.61 nm
Hypocrealixii 123—195 nm Used deadmass for the process. It is new, effective, and Salvadori et al. (2015)

environmental friendly bioprocess for silver nanoparticles

anthraquinones. Early in the 20th century, the fungus Verticillium was used to create AgNPs in the first experiment for the
fungi-mediated production of metallic nanoparticles (Mukherjee et al., 2001). In fungus-mediated nanoparticle
manufacturing, the extract of the saprophytic straw mushroom fungus Volvariella volvacea produced gold, silver, and
silver-gold nanoparticles (Philip, 2009). Kathiresan et al. reported in vitro production of silver nanoparticles utilizing
Penicillium fellutanum isolated from coastal mangrove silt and AgNOs as a substrate (Kathiresan et al., 2009). In fungi, the
process of producing nanoparticles involves the formation of NPs on the mycelia’s surface rather than in solution. First, the
electrostatic interaction between positively charged Ag ions and negatively charged carboxylate groups in enzymes causes
Ag™ particles to be deposited on the surface of the fungal cells. The fungus’s cell wall’s enzymes then break down the Ag
particles, resulting in the creation of Ag nuclei. Some other examples of fungi-mediated synthesis of AgNPs are given in
Table 8.2.

Algae mediated

Algae are aquatic photosynthetic bacteria with sizes ranging from microscopic (Dinoflagellates) to macroscopic (Rho-
dophyta). According to Sinha et al. (2015), when silver ions come into contact with the algal extract of Pithophora
oedogonia, AgNPs are produced within minutes. In vitro, Ehrlich Ascites Carcinoma was used by Khalifa et al. (2016) to
examine the antitumor activity of AgNPs produced by the blue-green algae Anabaena oryzae, Nostoc muscorum, and
Calothrix marchic. Aqueous extract of the green alga Caulerpa racemose was used to make AgNPs, which showed high
catalytic activity for the breakdown of methylene blue and antibacterial activity (Edison et al., 2016). Spirogyra varians is
used to reduce silver ions, creating AgNPs with a size of 17.6 nm and significant antibacterial capabilities against different
harmful microorganisms (Salari et al., 2016). Nafe et al. proclaimed that AgNPs synthesize by Chlorella pyrenoidosa
offered a high degree of consistent morphology, and confirmed antibacterial and photocatalytic properties of these AgNPs
(Aziz et al., 2015). AgNPs were made using an aqueous extract of Sargassum polycystum C. Agardh, and their potential for
cytotoxicity and antibacterial activity was assessed (Asha et al., 2015). Some other examples of algae-mediated synthesis
of AgNPs are given in Table 8.3.

Yeast mediated

Yeasts are eukaryotic, single-celled organisms that are utilized to synthesize various nanoparticles. The yeast strain MKY3
aids in the extracellular creation of silver nanoparticles because it is silver-tolerant, When it is exposed to a 1 mM silver
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TABLE 8.3 Algae-mediated synthesis of AgNP.

Organisms

Chlamydomonas
reinhardtii

Spirulina
Platensis and
Nostoc sp.

S. plantensis

Chaetomorpha
linum

Gelidium amansii
Chlorella vulgaris

Caulerpa
racemose

Sargassum wightii

Pterocladia
capillacae

Isochrysis galbana

Size

11.5 and 20.3 nm
respectively

3.2—7 nm

30 nm

27—54n

15—47 nm

25 nm

100 ppm conc/7 nm

53.1=73.9 nm

Remarks

Internalization was evidenced for the first time

Potential antibacterial activity against human patho-
gens like S. aureus, S. epidermidis, K. pneumoniae,
and E. coli

Nanoparticle synthesized as powder algal biomass and
showed antimicrobial and antioxidant activity

Amines, peptides, flavonoids, and terpenoids present in
C. linum acts as capping and efficient stabilization

Potential anti-micro-fouling coatings for various
biomedical and environmental applications

Aqueous extract was used as reducing agent

Showed antibacterial activity and catalytic activity for
silver nanoparticles toward degradation of methylene
blue

Tested for their antibacterial potential

Cotton fabric treated with silver nanoparticles showed
antimicrobial activity

Showed zone of inhibition against klebsiella sp., P.

References
Navarro et al. (2015)

Ahmed et al. (2015)

Kaliamurthi et al. (2016)
Kannan et al. (2013)
Pugazhendhi et al. (2018)
Annamalai and Nallamuthu
(2015)

Kathiraven et al. (2014); Edi-

son et al. (2016)

Govindaraju et al. (2009)
El-Rafie et al. (2013)

Merin et al. (2010)

vulgaricus, P. aeruginosa, E. coli

solution, the strain produced AgNPs, and based on differential sample thawing, the pure silver nanoparticles were isolated
(Kowshik et al., 2002). Commercial yeast extract (0.5 gm) incubated overnight after treating with AgNO3 produced AgCl
NPs indicated by a color change to darkish brown (Sivaraj et al., 2020). Jha et al. synthesized AgNPs in suspension culture
containing yeast cells in presence of 0.025 M AgNOj3 and sooty gray NPs were filtered which were formed extracellularly
(Jha and Prasad, 2008). Using yeast extract as a reducing and capping agent, Shu et al. (2020) generated well-dispersed,
evenly shaped Ag-NPs. The mixture of Ag" ions and yeast extracts forms yeast micelles. In the reduction of Ag™ as well as
in the supply of high stability, monodispersity, and regulated size distribution for the created Ag-NPs, biomolecules such
carbohydrates, reductive amino acids, aminobutyric acid, and -linolenic acid play a significant role. The amino acids
present on the surface of AgNPs have a negative charge and exhibit electrostatic repulsive nature in alkaline solution
providing stability without causing precipitation (Roychoudhury, 2020). Some other examples of yeast-mediated synthesis
of AgNPs are given in Table 8.4.

Plant mediated

In recent years, plant-mediated nanoparticle synthesis has gained popularity due to its quickness, environmental friend-
liness, simplicity, and nonpathogenic, plant possess a large variety of metabolites that are helpful in AgNP production
(Sondi and Salopek-Sondi, 2004). The nanoparticle produced using plant extracts is having higher kinetics than other
biological or chemical agents. Alfalfa sprouts were used by Gardea-Torresdey et al. (2003) to provide the first proof of
plant-mediated production of metallic nanoparticles. Alfalfa roots can take silver from an agar medium and transmit it to
the plant’s shoots in the same oxidation state, where the silver atoms are then rearranged to produce AgNPs. Various crops
such as Oryza sativa, Helianthus annus, Saccharum officinarum, Sorghum bicolor, Aloe vera, Zea mays, Basella alba, and
Capsicum annuum have been used for AgNPs synthesis which possess pharmaceutical as well as biological application
(Kasthuri et al., 2009). AgNPs synthesized by the leaf extracts of Justicia glauca were reported that they possess anti-
bacterial and antifungal properties (Emmanuel et al., 2015). Hemidesmus indicus leaf extract was used by Latha et al.
(2015) to study the synthesis of AgNPs, they showed rapid synthesis and better antibacterial activity against Shigella
sonnei bacteria at 40 ng/mL. According to dynamic light scattering, banana peel extract works best when used as a
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TABLE 8.4 Yeast-mediated synthesis of AgNP.

Organisms

S. cerevisiae

Extremophilic yeast strain from acid
mine drainage

S. cerevisiae, Rhodotorula glutinis, and
Geotrichum candidum
Yeast strain, BDU-XR1

Saccharomyces cerevisiae

Commercial extract of yeast

Size

<20 nm

2.5—20 nm

Intracellularly—4 nm
Extracellularly—9 nm

Remarks

Antifungal activity against some fluconazole-
susceptible and fluconazole-resistant strains of
Candida albicans

Grow in presence of AgNO; up to 1.5 mM

AgNPs are synthesized extracellularly by direct
exposure to AgNOs solution

Detected by absorption wavelength of
410—420 nm in UV—visible spectrophotometer

Glucans on the cell wall functioned as reduc-
tive reagents in Tollens’ reaction for generating
NPs

Luciferase reporter phage shows antimycobac-
terial activity of silver chloride nanoparticles

References

Niknejad et al.
(2015)

Mourato et al.
(2011)

Zahran et al.
(2013)

Jafarov et al.
(2017)

Li et al. (2018)

Sivaraj et al.
(2020)

103

P. capsulate 5—25 nm NADh-dependent protein similar to nitrate Subramanian
reductase was suggested to mediate the reduc- et al. (2010)
tion process

Candlida sp. VITDKGB 87 nm Antibacterial activity against the MDR patho- Kumar et al.
gens S.aureus and Klebsiella pneumoniae (2011)

Yorrowia lipolytica NCIA 3590 7 nm Displayed effective antifungal properties Apte et al.
against wall-disfigurement causing fungus (2013)

reducing agent to create AgNPs from silver nitrate solution. When combined with levofloxacin antibiotics, AgNPs
demonstrated good antibacterial action against representative yeast and bacterial pathogens (Ibrahim, 2015). From the root
extract of Erythrina indica, spherical AgNPs with diameters ranging from 20 to 118 nm were created. They exhibited a
cytotoxic impact on breast and lung cancer cell lines and had potent antibacterial activity against both gram-positive and
gram-negative bacteria (Sre et al.,, 2015). Palaniyandi et al. synthesized silver nanoparticles from gum extract of Aza-
dirachta indica when mixed with silver nitrate solution showed antibacterial activity against Salmonella enteritidis and
Bacillus cereus (Velusamy et al., 2015). Table 8.5 lists several further instances of AgNP production by plants. Table 8.5
lists several further instances of AgNP production by plants.

Advantages of green synthesis

The production of nanoparticles by physical or chemical methods has many disadvantageous effects and affects the
environment severely. In physical methods, a lot of room is taken up, a lot of heat is produced, and it takes a long time. In
contrast, the use of toxic substances in chemical processes may render the generated nanoparticle poisonous and cause the
release of toxins into the environment. Due to this urgent requirement for an environmentally acceptable synthesis process,
the employment of biological agents was initiated. The biological agents used are bacteria, algae, fungi, yeast, and plants,
and nanoparticles produced using them are nontoxic, efficient, cost-effective, and more environmentally friendly. The
mechanism of nanoparticle generation is by reducing metal ions to their metallic particles. This process requires stabilizing
and capping agents for preventing them from agglomerating. In most cases, stabilizing and capping agents are secreted by
the biological agents themselves, so not required to add externally. These stabilizing and capping agents have a reputation
for reducing toxicity, preventing the agglomeration of produced nanoparticles, and enhancing antimicrobial activity. If they
also possess antimicrobial activity, then the synergistic effect of nanoparticle and capping agent may be found.

Application

Since the development of the first antibiotic penicillin from Penicillium mold, there have been various progress achieved in
this field. But gradually microorganisms also developed resistance against the produced antibiotics, requiring new research
for forbidding the threat of microorganisms. There have many advancements for the same but microorganisms develop
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TABLE 8.5 Plant-mediated synthesis of AgNP.

Species

Eugenia jambolana
Saraca asoca

Rhynchotechum
ellipticum

Abelmoschus
esculentus

Alpinia calcarata

Part

Leaf extract

Bark extract

Leaf extract

Pulp extract

Root extract

Remarks

Presence of alkaloids, flavonoids, saponins, and sugar compounds
Presence of hydroxylamine and carboxyl groups

Presence of polyphenols, flavonoids, alkaloids, terpenoids, carbo-
hydrates, and steroids

IC5 dose leads to an increase in intracellular ROS and exhibits
good antimicrobial activity.

Good antimicrobial activity was confirmed by the resazurin dye
reduction assay method.

References

Gomathi et al.
(2017)

Banerjee and Nath
(2015)

Hazarika et al.
(2014)

Mollick et al. (2019)

Pugazhendhi et al.
(2015)

Rosa indica Ethanolic Evaluated antibacterial activity against human pathogenic mi- Manikandan et al.
extract crobes and anticancer activity using human colon adenocarci- (2015)
noma cancer cell line
S. trilobatum Unripe fruit Antibacterial activity against human pathogenic bacteria and anti- Ramar et al. (2015)
extract cancer activity in vitro against human breast cancer cell line
Aloe vera Leaf extract Antiglycating activity, useful in the treatment of diabetes-related Ashraf et al. (2016)
diseases
Ananas comosus Pineapple Stabilizing as well as reducing agent and synthesized silver Ahmad and Sharma
juice nanoparticle (2012)

Argemone Mexicana Leaf extract Capping as well as reducing agent by adding to AgNO; Singh et al. (2010)

multidrug resistance. So, the use of nanoparticles was undertaken to overcome this problem. Silver is well-known for
possessing antimicrobial properties against pathogenic microorganisms. So, AgNP-antibiotic conjugates were utilized for
multidrug-resistant bacteria. Different applications of silver nanoparticles are discussed below.

Cell wall and membrane damage

Silver nanoparticles show antibacterial activity against both gram-positive and gram-negative bacteria because the cell
walls of gram-positive bacteria contain peptidoglycan and those of gram-negative bacteria contain lipopolysaccharide. The
bacterial cell wall is difficult for AgNPs to adhere to. The negative charge of the cell wall and the positive or less negative
charge of the silver nanoparticles generate an electrostatic attraction that makes it easier for the particles to connect to the
cell wall. After the AgNP is attached to the cell wall, the cell experiences morphological changes brought on by the
nanoparticles, which cause the membrane’s permeability to be disrupted, the respiratory system to become depolarized, and
ultimately the integrity of the cell to be disrupted, resulting in cell death. The major mechanism of antibacterial action is
thought to be the cell breakdown caused by nanoparticle attachment (Roy et al., 2019). Following brief contact, peripheral
damage and dense pit formation may be seen with the help of modern imaging techniques. Silver nanoparticle attachment
results in the production of irregular-shaped pits that enable them to enter the periplasmic space and eventually within the
cell.

Intracellular penetration and damage

AgNPs may also penetrate the cell wall and interact with DNA and proteins to impact the cell’s essential processes. Silver
ions released from AgNP are known to make bacterial DNA condense from a normal relaxed state and DNA molecules
lose their replication ability. DNA can potentially be damaged or denaturized by silver ions. Silver ions possess a high
affinity for sulfur and amine groups of proteins leading to the accumulation of AgNP on the outer membrane and then they
are taken up. DNA breaks down when AgNP enters a cell because silver ions are attracted to DNA physically and interact
with nucleosides, which dissolves hydrogen bonds between complementary strands of DNA (Pramanik et al., 2016). The
DNA damage can be dose-dependent, i.e., more concentration of AgNPs leads to cut DNA into small fragments which can
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be demonstrated by agarose gel electrophoresis. According to research by Dutta et al., overexpression of the genes for Cu
and Mg transporters, which code for proteins involved in sulfur transport, metal ion influx, antibiotic resistance, and
antioxidants, upsets the intracellular antioxidant balance and caused cell damage (Nagy et al., 2011).

Oxidative stress

Reactive oxygen species (ROS) have a high redox potential, and under normal circumstances, cellular antioxidant de-
fenses and ROS production are in balance. But certain changes can either cause an increase in ROS production or a
decrease in the antioxidant capacity of cells or even both, which leads to oxidative stress. Biomolecules found in cells are
harmed by ROS and free radicals such as hypochlorous acid, hydrogen peroxide, superoxide anions, etc., as oxidative
stress grows. Both nanoparticles and antibiotics can harm DNA and proteins because they bind to the bacterial cell wall
and enter through lipid peroxidation caused by nanoparticles. Das et al. reported that ROS generation significantly
contributes to the antibacterial activity of silver nanoparticles when tested against multidrug-resistant E. coli and S. aureus
(Das et al., 2017). AgNP-antibiotics don’t show the synergistic effect with ROS but also enhanced their generation. In the
presence of ROS, the antibacterial activity is increasingly demonstrating the importance of AgNP-induced ROS pro-
duction for antimicrobial activity.

Antifungal activity

Silver has numerous pharmaceutical uses in industries like agriculture, textiles, and most notably medicine. It is highly
toxic to microorganisms (Ahmad et al., 2019). Since microorganisms have developed multidrug resistance and there has
been an increase in the number of invasive fungal infections. Therefore, there is a need to find more potent antifungal
agents, and silver nanoparticles are a viable option for this purpose.

Antiviral activity

Silver nanoparticles possess antiviral activity which was evaluated using Hut/CCRS cells. Silver nanoparticles also
inhibited human immunodeficiency virus 17%—187% more efficiently than azidothymidine triphosphate, a reverse-
transcriptase inhibitor (Sun et al., 2005). A sufficient release of silver ions from the membrane, functioning as an anti-
viral agent, was made possible by the antibacterial and antiviral qualities of silver nanoparticles in combination with
polysulfone.

Wound healing

Wound healing is a major factor affecting antiinflammatory and antimicrobial activity, for this reason, there have been
many improvements for minimizing the same, and treating cotton with nanoparticles exhibited potent healing power
(Hebeish et al., 2014). Bacterial cellulose that was efficient against both gram-positive and gram-negative bacteria was
created using Acetobacter xylinum strain TISTR 975 and a silver nitrate solution (Maneerung et al., 2008). Collagen was
added to a polyurethane solution containing silver ions to increase its hydrophilicity, and then it was reduced by dime-
thylformamide by electrospinning. In an animal model, these silver nanoparticles with collagen incorporation have
improved wound healing (Chen and Chiang, 2010). To regulate health-related infection, Jacob et al. biosynthesized tissue
saturated with AgNPs, which has the property of inhibiting borne bacterial growth on the surface of the tissue (Jacob et al.,
2019).

Cardiovascular implants

Silver’s antibacterial property has made it advantageous to use to make cardiovascular implants. A prosthetic silicone
heart valve with a silver coating was the first cardiovascular device to reduce endocarditic. The silver coat over the
implant prevented bacterial contamination and reduced the inflammation reaction of the heart (Grunkemeier et al.,
2006). Heart valves and stents coated with silver nanoparticles along with diamond-like carbon exhibited antith-
rombogenic and antibacterial properties (Andara et al., 2006). The biocompatibility, calcification resistance, and
toughness of polymeric heart valves were improved by the incorporation of nanostructure material into the polymer’s
backbone (Ghanbari et al., 2009).
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Catheters

Artificial catheters implanted in patients are highly inclined to contamination which leads to complications. Catheters made
up of polyurethane are coated with silver nanoparticles for preventing biofilm formation. The silver nanoparticle-coated
catheter is nontoxic and reduces bacterial growth and helps avoid Catheter-Associated Ventriculitis.

Orthopedic implants

The greatest challenge in orthopedic surgery has always been bacterial contamination, so to reduce bacterial resistance,
silver nanoparticles (AgNPs) were used to make the prosthesis. Silver nanoparticles also began to be used in orthodontic
adhesive for increasing the shear bond strength and expanding resistance to bacteria.

Dentistry

Antibacterial applications of silver nanoparticles are also seen in dentistry. They can be incorporated in the adhesives to
increase the bond strength or in composites to prevent bacterial contamination and even increase the antifungal efficiency.
Silver nanoparticle-incorporated endodontic fillings proved to be an efficient antibacterial agent against Streptococcus
milleri, S. aureus, and Enterococcus faecalis (Lee et al., 20006).

Anticancer

In cancer, the affected cells grow uncontrollably and spread to other parts of the body. The human body is made of trillions
of cells, and all the cells are replaced when they got old by cell division. This process occurs in an orderly manner but in
cancerous sites the growth is unlimited and they are undifferentiated. There are many anticancer drugs on the market to
control the cancers present in the body, but this anticancer drug has significant side effects and systemic toxicity. So to
avoid these toxicities, nanotechnology is significantly used as they have high specificities and are less invasive (Fig. 8.1)
(Conde et al., 2012). Metallic nanoparticles possess efficient cancer diagnostics and therapeutic properties because of their
high penetration and target specificity for diagnostic and therapeutic, respectively (Ovais et al., 2016). It is possible to
combine metallic nanoparticles with other biological particles to target cancer cells cell surface proteins or receptors in a
precise manner (Sperling and Parak, 2010). ROS are produced in greater amounts as a result of communication between
silver nanoparticles and mitochondria, which interferes with the function of the cell’s electron transfer mechanism. Thus,
the primary mechanism underlying anticancer activity is believed to be oxidative stress brought on by ROS. Due to their
enormous surface area, silver nanoparticles can easily enter cells and interact with their constituents, disrupting the cellular
signaling cascade. By producing ROS, which trigger apoptosis, Gurunatham et al. produced silver nanoparticles from
Bacillus funiculus culture supernatant and showed antiproliferative activity in human breast cancer cells (MDA-MB231)

Silver Nanoparticles
Anticancer Activity

Conventional
Method

O0e OOO
e I 99806
OOO OOO

Kills both healthy

and cancerous cells Intact normal cells

FIGURE 8.1 Anticancer activity of silver nanoparticles.
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(Gurunathan et al., 2013). Using the Penicillium shearii AJPOS fungus, Fageria et al. created silver nanoparticles with
capped proteins. They demonstrated that these particles have an anticancer effect on mesenchymal (osteosarcoma) and
epithelial (hepetoma) cells by producing ROS particles. They also claimed that these particles sensitize cancer cells,
making them cisplatin-resistant (Fageria et al., 2017). Firdhouse et al. Utilizing Alternanthera sessilis plant extract to create
silver nanoparticles, which showed a cytotoxic effect against prostate cancer cells (PC-3) (Firdhouse and Lalitha, 2013).
Both antibacterial and anticancer properties are present in biologically produced silver nanoparticles. For example, Sankar
et al. produced silver nanoparticles from the aqueous extract of Briganum vulgare (oregena), which exhibits dose-
dependent efficacy against pathogens and human lung cancer cells (A549) (Sankar et al., 2013). Silver nanoparticles
were created by Rajasekhurreddy et al. from the seed extract of Sterculia footed L. These nanoparticles had effective
anticancer action against human cervical cancer cell lines (HeLa) and antiangiogenic activity (Rajasekharreddy and Rani,
2014). Kotecherlakota et al. synthesized silver nanoparticles using Olax scandrns plant extracts which possess bio-
compatible, imaging agent, anticancer, and antibacterial agent (Kotcherlakota et al., 2019). It was discovered that its
anticancer mechanism involved the production and activation of ROS in p53. Rosa indica (rose petals), ethanol extract was
used to biosynthesize silver nanoparticles that have antitumor action against human colon cancer cells (HCT-LS) (Kali-
muthu et al., 2008). The HCT15 line of human colon cancer cells is resistant to the anticancer effects of silver nanoparticles
that have been biosynthesized using Vitex negunda leaf extracts. Investigating apoptotic shifts and nuclear condensation
with propidium iodide staining and DNA fragmentation by gel electrophoresis revealed that biosynthesized silver nano-
particles at an IC50 of 220 g/mL inhibited colon cell line HCTLS proliferation, halted the Go/G1 process, observed
decreased DNA synthesis, and induced apoptosis (Prabhu et al., 2013). When Silanum trilobatum’s unripe fruit extract was
tested for cytotoxicity against the breast cancer MCF7 cell line, it was discovered that silver nanoparticles caused the cell
line and mitochondrial pathway to die (Green and Reed, 1998). Leaf extract of Punica granarum biosynthesize silver
nanoparticles possess 50% cytotoxicity at 100 pg/mL (Sarkar and Kotteeswaran, 2018). Silver nanoparticles produced by
A. Calamus via the rhizome have anticancer action against A431 carcinoma cells with an IC50 value of 78.5822.7 g/mL.
Taraxacum officinde leaf extract created silver nanoparticles that are effective against human liver cancer cells (HepG2)
(Saratale et al., 2018). Silver nanoparticles affect the structure of cells, reduce cell stability, impair physiological function,
and raise oxidative stress, which leads to mitochondrial malfunction. These are just a few of the early effects of silver
nanoparticles (Gurunathan et al., 2015). Silver nanoparticles ability to absorb cytosolic proteins affects the function of
cellular components and controls the expression of genes and pro-inflammatory cytokines (AshaRani et al., 2012). ROS
generation is boosted by increased intracellular ion concentration. Endocytosed silver nanoparticles are destroyed by ly-
sosomes which leads to the leakage of Ag™’ ions into the cytoplasm causing cellular injury (De Matteis et al., 2015).
Phycocyanin extract of Nostoc linckia biosynthesize silver nanoparticles possessing cytotoxicity activity against MCF-7
cells with IC50 of 27.79 + 2.3 pg/mL (El-Naggar et al., 2017). Kuppusamy et al. (2016) Synthesize silver nano-
particles and gold nanoparticles using Commelina nudiflora, which reduces cell viability and exercises improved cyto-
toxicity against HCT-116 colon cancer cells with IC50 of 100 and 200 pg/mL. Methotrexate (MTX) is an anticancer drug
possessing toxicity toward renal and hepatic sites at high dosages. PE-capped Methotrexate silver nanoparticles were
produced via chemical methods and they showed anticancer activity against MCF-7 cell line and hemolytic activity was
reduced (Muhammad et al., 2016).

Drug delivery

The dispersion of the drug in designated locations and its delayed and sustained release, which can be achieved by active
and passive delivery techniques, are the main requirements for efficient drug delivery systems (Torchilin, 2010). To
distribute pharmaceutical elements with certain therapeutic efficacy it is very important to design efficient drug delivery
techniques. Combining pharmaceutical components and silver nanoparticles for effective drug delivery that is thermally
adjustable, and pH-modified to target inflammation, and infectious (KJ, 2017). The drug delivery systems must be provided
with flexible drug concentration and discharging characteristics (Fig. 8.2). The therapeutic efficacy should be as same at a
lower concentration than the main compound to minimize the side effects (Kumar et al., 2017). Silver nanoparticles made
from Butea monosperma plant extract were used by Kotecherlakota et al. to create a cancer drug delivery system that was
then loaded with the FDA-approved chemotherapy drug doxorubicin (Patra et al., 2015). Silver nanoparticle-delivered
doxorubicin showed more cytotoxicity than pristine drugs. Kumar et al. used Delftia sp. Strain KCM-006 for synthe-
sizing silver nanoparticles and showed delivery of the antifungal drug miconazole, which prevented the growth of fungus
biofilms and the manufacture of ergosterol (Kumar and Poornachandra, 2015).
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FIGURE 8.2 Drug delivery system.

Antimicrobial

Microorganism pathogenicity has grown to be a serious hazard to human health. Numerous antibiotics are available on the
market to treat these infections, but it is quite dangerous because the microorganisms are becoming resistant to them.
Nanotechnology offers a different approach to treating microbial illnesses. Due to their efficiency, which is greater than
that of the antibiotics used in clinics, silver nanoparticles are powerful antimicrobial agents. Singh et al. synthesized silver
nanoparticles from Raphanus sativus (entophytic fungus) using culture supernatant which showed an antibacterial effect on
Gram-positive (methicillin-resistant Bacillus subtilis, MTCC441) and Gram-negative (E. coli, MTCC443) bacterial
pathogen (Singh et al., 2017). Silver nanoparticles showed antibacterial activity by disrupting cell membrane and DNA
(Fig. 8.3). Karunagaran et al. (2017) used a culture supernatant of Bacillus thuringiensis SSU1 for synthesizing silver oxide
nanoparticles, which showed antibacterial effects. Kotcherlokota et al. used plant extract Olax scandews for synthesizing
silver nanoparticles and they displayed a potent antibacterial effect and inhibited colony formation. By causing cell death,
they weaken the bacterial cell walls and disrupt the cellular catalase enzyme levels (Mukherjee et al., 2014). Bombyx mori
silk fibroin was used to biosynthesize silver nanoparticles by Fei et al. (2013) which showed an antibacterial impact in
bacterial biofilm. Nanda et al. created silver nanoparticles from the culture supernatant of Staphylococcus aureus and tested
their effectiveness against methicillin-resistant strains of S. aureus, S. epidermidis, and Streptococcus pyogenes, as well as
Salmonella typhi and Klebsiella pneumoniae (Nanda and Saravanan, 2009). Singhal et al. Biosynthesized silver nano-
particles of size 4—30 nm using leaf extracts of Ocimum sanctum and evaluated on both gram-negative and gram-positive
bacteria, and their antibacterial effects (Singhal et al., 2011). Krishnaraj et al. (2010) used leaf extracts of Acalypha indica
for synthesizing silver nanoparticles, resulting antibacterial effect against waterborne pathogens. Shaik et al. (2016) used
root extract of Salvadora persica L. For producing silver nanoparticles exhibiting antibacterial effect against both Gram-
positive and Gram-negative bacteria. Kaviya et al. (2011) biosynthesized silver nanoparticles using peel extract of Citrus
sinensis and examined their antibacterial both Gram-positive and Gram-negative bacteria are affected.

Diagnosis

Diagnosis of any medicinal problem is very important to find a cure. Without a proper diagnosis, we may never be able to
find a cure or find a wrong cure. In today’s scientifically driven world, nanotechnology is a promising approach to a proper
diagnosis (Parveen et al., 2012). Nanotechnology has significantly improved the sensitivity, specificity, and accuracy of the
process (Parveen et al., 2012). It is most commonly used in the diagnosis of pathogens in communicable diseases and
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FIGURE 8.3 Antimicrobial activity.

cancer biomarkers present in cancerous cells. Nanoparticles possessing magnetic, fluorescent, and metallic properties are
utilized for diagnosis (Graham et al., 2006). The diagnostic process for pathogens and cancer biomarkers has evolved and
been optimized by nanotechnology, making the process more practical but also much more sensitive as the majority of the
complex procedures are integrated into a simple device with the ability to be used for on-the-spot diagnosis (Tay et al.,
2016). This also reduces the amount of sample required, materials used in the procedure, and time for analysis (Patil et al.,
2016). Kotcherlakota et al. used biosynthesized silver nanoparticles from Olax scandens leaf extract for imaging B16F10
cancer cells (Tay et al., 2016). This nanoparticle internalized in cancer cells exhibits red inflorescence while normal cells
do not exhibit fluorescence (Fig. 8.4). Biosensing is also an important part of diagnostic applications, in which a device
incorporated with a biologically active agent is used to identify the presence of particular chemicals. Silver nanoparticles
are widely used in biosensors mainly because of the extreme sensitivity toward the surrounding medium due to Surface
Plasmon Resonance (Ahmed et al., 2016). Pandey et al. used a polysaccharide solution of Cyamopsis tetragonoloba, which
acted as a reducing agent and the produced nanoparticle showed biosensing properties toward ammonia with a very less
response time (2—3 s) and detection limit (1 ppm) at room temperature (Pandey et al., 2012).

Challenges

We have seen the beneficial application of the green synthesized silver nanoparticle but everything which has advanta-
geous effects also possesses harmful effects which should not be neglected. So silver nanoparticles should also be assessed
for their long-time toxicity, immunological interaction, efficacy, and biosafety in in vivo studies before proceeding to
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FIGURE 8.4 Diagnostic application of silver nanoparticle.
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clinical trials is essential. Researchers should evaluate biocompatibility, dosage, route for administration, effective uptake,
retention, and combinatorial approach for a conjugating drug with biosynthesized nanoparticles before proceeding to
clinical trials. For the active uptake of nanoparticles, proper diffusion and penetration through the cell and tissue barriers
are essential. Intestinal tissue invasion, immunological rejection, drug release by dispersion into the cytoplasm, a crossing
of the endothelium to reach the target locations, and many other problems might arise with intravascular uptake admin-
istration. Before they may be used in clinical practice, all the previously described difficulties that depend on efficacy,
regulation, and safety need to be satisfactorily overcome.

Conclusion

Since the beginning mankind had faced many issues and have tried to overcome them, in this chapter biomedical-related
problem was discussed. We have seen the solution for multidrug-resistant bacteria by treating them with silver nano-
particles. Nanotechnology, which has strong linkages to nanoscience, is the molecular or atomic-level manipulation of
matter to create novel materials and devices with newly remarkable qualities. The production method for synthesis is
mainly classified into physical, chemical, and biological methods. These methods used for nanoparticle generation have
various harmful effects on nanoparticles and the environment. So, researchers have found a new way of synthesis which is
more efficient and simpler for nanoparticles which are known as green synthesis. In “green synthesis”, biological agents
such as bacteria, algae, fungi, yeast, and plants are used to create nanoparticles. This produced nanoparticle requires
stabilizing and capping agents for preventing them from agglomerating. The silver particle possesses antimicrobial activity
which is beneficial against multidrug-resistant bacteria. The mechanism of action of silver nanoparticles against multidrug
resistance and various applications in different fields is discussed.
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Introduction to nanotechnology

Nanotechnology is defined as ‘““a science, engineering, and technology conducted at the nanoscale (1—100 nm), where
unique phenomena enable novel applications in a wide range of fields, from chemistry, physics, and biology to medicine,
engineering, and electronics” by the National Nanotechnology Initiative (NNI) in the United States (Bayda et al., 2020).
The word “nano” is a Greek prefix that denotes one millionth of a meter and implies “dwarf” or “very small” (109 m).
Making the distinction between nanotechnology and nanoscience is crucial. Nanotechnology is the study of how to
observe, quantify, control, assemble, and build materials at the nanoscale. When it comes to manipulating materials at the
atomic and molecular levels, physics, materials science, and biology come together to form nanoscience.

Nanotechnology is one of the most important objectives in the domains of chemical engineering, physics, biology, and
medicine (Poole and Owens, 2003). Area of nanotechnology, which is the science and engineering mainly concerned with
the design, synthesis, characterization, and usage of materials and devices whose smallest functional organization in at least
one dimension is on the nanoscale scale, or one billionth of a meter (Silva, 2004).

Pharmaceutical nanotechnology, which is based on life sciences, allows for the creation of nanostructures that can
support novel drug delivery systems as treatment alternatives for a variety of diseases, as well as nanomaterial-based
biosensors for cutting-edge diagnostics (Dourado, 2020). Many different kinds of nanosystems have been developed,
including carbon nanotubes, paramagnetic nanoparticles, dendrimers, nanoemulsions, etc. It has been discovered that the
success of the majority of drug delivery methods is significantly influenced by particle size. Drug nanoparticles have a
larger surface area and smaller particle size, which increases their bioavailability and improves their solubility (Beye et al.,
2018; Mazayen et al., 2022).

History of nanotechnology

Research into nanoparticles is not new. The term “nanometer” was first used by Nobel Prize winner in chemistry Richard
Zsigmondy in 1925 (Hulla et al., 2015). The concept of nanotechnology was first proposed by Nobel Prize—winning
American physicist Richard Feynman in 1959. The lecture Feynman delivered at the California Institute of Technology for
the American Physical Society’s annual meeting was titled there’s Plenty of Room at the Bottom (Caltech) (Feynman,
1961). K. Eric Drexler’s “Engines of Creation: The Coming Era of Nanotechnology,” the first book on the subject, was
released in 1986 and contributed to the increased popularity of the concept of “molecular engineering” (Drexler, 1986).
Researchers used a transmission electron microscope to investigate the cup in 1990 to better understand the dichroism
phenomena (TEM) (Bayda et al., 2020). By coincidence, a new class carbon nanomaterials is known as carbon dots (Xu
et al., 2004).

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00009-5
Copyright © 2024 Elsevier Inc. All rights reserved. 117
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Nanomedicine 2014 will be held in conjunction with SELECTBIO and the British Society for Nanomedicine (BSNM)
(Poole and Owens, 2003). BSNM is a registered charity that was founded to give industry, academia, medical pro-
fessionals, and the general public free access to news and information on ongoing research in nanomedicine. Participants in
the Nanomedicine 2014 program learned about a wide range of cutting-edge nanotechnologies, from therapy to diagnostics
(Salata, 2004).

Branches of nanotechnology

Although there are many formulations using nanotechnology available today, research is still underway. Nanotechnology
is developing branches that could destabilize the global market for agricultural, nonfuel, and mineral goods. Nanotech-
nology is currently recognized as a revolutionary field in terms of its impact on industrial applications. Nanoengineering,
green nanotechnology, and wet nanotechnology are a few subfields of nanotechnology.

Nanoparticle

Nanoparticles are objects with overall dimensions in the nanoscale, or less than 100 nm. With therapeutic applications
ranging from contrast agents in imaging to carriers for the delivery of medications and genes into cancers, these materials
have recently emerged as key players in modern medicine (Murthy, 2007). In recent years, substantial scientific research
has been done on the different uses of nanoparticles in manufacturing, electronics, building, cosmetics, and medicine
(Mohajerani et al., 2019). This creates the opportunity for the development of materials, especially those for medical uses
when traditional approaches could be constrained (Chong-Cerda et al., 2020). Due to their enhanced permeability and
retention effect, which passively targets tumors, these drug carriers are ideal for the delivery of chemotherapeutics in
cancer treatment (Wang et al., 2012).

Types of nanoparticles

Different pharmaceutical nanotechnology-based systems, often known as nano pharmaceuticals, have revolutionized drug
delivery. Examples include polymeric nanoparticles, magnetic nanoparticles, liposomes, carbon nanotubes, quantum dots,
dendrimers, metallic nanoparticles (MNPs), and polymeric nanoparticles (Fig. 9.1).

Carbon based nanoparticles

Fullerenes and carbon nanotubes are the most well-known kinds of carbon-based nanoparticles. Fullerenes are a prominent
type of nanomaterial. Additionally, because of their high potential for reactivity, these particles are used in a range of
applications (i.e., biomedicine, cosmetic products, solar cells, and catalysts) (Astefanei et al., 2015). The main charac-
teristics of carbon nanotubes are their lightweight, small size, high aspect ratio, good tensile strength, and exceptional
conducting properties, which make them perfect as fillers in a variety of materials, including ceramics, polymers, and
metallic surfaces (Xu et al., 2004).
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FIGURE 9.1 Overview of types of nanoparticles.
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Metal nanoparticles

MNPs often have an organic, inorganic, or metal oxide shell surrounding an inorganic metal or metal oxide core.
Numerous applications of metal nanoparticles can be found in daily life (Nasrollahzadeh et al., 2019).

Gold nanoparticles (GNPs)

GNPs are a wine-red material that is high in antioxidants. GNPs are available in a range of dimensions, from 1 nm to 8§ m.
Gold nanoparticles have been produced using a variety of green techniques, including seed-mediated growth, conducting
the synthesis in the presence of ionic liquids, and various reduction techniques, such as the hydrazine reduction method and
the sodium borohydride reduction method (Chaturvedi and Dave, 2021).

Iron oxide nanoparticles (IONPs)

Because of its unique qualities, such as superparamagnetism, a high surface-to-volume ratio, a huge surface area, and
straightforward separation processes, iron oxide nanoparticles have attracted a lot of attention. IONPs are being employed
increasingly often in biomedical research, which leads to the rapid creation of new IONPs types and increased exposure of
cultured cells to a wider variety of IONPs (Ali et al., 2016; Murthy et al., 2020).

Silver nanoparticles (AgNPs)

Among the many MNPs used in biomedical applications, silver nanoparticles (AgNPs) are one of the most important and
fascinating nanomaterials. In particular, AgNPs have a significant impact on nanomedicine and nanoscience (Zhang et al.,
2016). Silver nanoparticles work well against a variety of fungus and algae (Kusat and Akgol, 2021). More and more silver
nanoparticles (NPs) are being used in contemporary products, which guarantees their entry into environmental systems
(Sweet and Singleton, 2011).

Ceramic nanoparticle (CENPs)

Ceramic nanoparticles (CeNPs), which are inorganic metalloid solids made of oxides, carbides, carbonates, and phos-
phates, are made by heating materials to high temperatures and then rapidly cooling them. Biomedicine is the field in which
ceramic nanoparticles are used most frequently In the biomedical field, ceramic nanoparticles are regarded as the best
carriers of drugs, DNA, proteins, imaging agents, etc. (Thomas et al., 2015; Bhardwaj et al., 2021).

Semiconductor nanoparticle

Nanoparticles in semiconductors are fluorescent compounds. They have a layer of silica added to reduce photo-bleaching.
The semiconductor nanoparticles coated with an extra layer of semiconductor substantially enhanced the luminescence of
these core-shell assemblies (Karmakar et al., 2016). Due to their high surface area or quantum size effect, semiconductor
materials undergo a significant change in their chemical and physical properties when reduced to the nanoscale (Sahu, 2019).

Polymeric nanoparticle

Polymeric nanoparticles are particles between 1 and 1000 nm in size that may include active ingredients that have been
internalized or surface-adsorbed onto the polymeric core (Zielinska et al., 2020). Polymeric nanoparticles have great
promise for targeted drug delivery (Masood, 2016). Polymeric nanoparticles are made from biocompatible and biode-
gradable polymers (Madkour, 2019). Polymeric nanoparticle-based therapies have tremendous promise for the treatment of
a variety of illnesses because of the adaptability of their structures and the intricate definition of their compositions, ar-
chitectures, and abilities (Elsabahy and Wooley, 2012).

Lipid based nanoparticles

Lipid-based nanoparticles (LBNPs) have generated a lot of attention in the fields of drug discovery and cancer therapy.
These LBNPs include solid lipid nanoparticles, liposomes, and nanostructured lipid carriers (Garcia-Pinel et al., 2019). The
duration of pharmacological activity is extended by these nanoparticles’ long half-lives and controlled drug release. They
are capable of transporting both hydrophobic and hydrophilic molecules (De Jong and Borm, 2008).

Brief about silver nanoparticles (AGNPS)

For more than 2000 years, silver has been utilized as a preservative and for medical purposes. Ancient Greek and Roman
societies preserved drinking water in silver pots. Since the nineteenth century, silver-based compounds have been widely
used in antibacterial applications, burn and wound therapy, etc (Klasen, 2000).
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Since those early days, silver has been used in a wide range of medical devices, such as bone prostheses, sutures,
needles, cardiac implants, catheters, dental treatment, wound care, and surgical textiles (Lansdown, 2006).

Over the past few decades, silver has been transformed into nanoparticles with diameters ranging from 1 to 100 nm.
Nanoparticles have the highest activity to weight ratios due to their small size, which maximizes their surface area
(Khaydarov et al., 2009).

The healing properties of silver have been known for more than 2000 years. Since the nineteenth century, silver-based
compounds have been used in numerous antibacterial applications. There have been several reported applications for
nanoparticles in the physical, biological, and pharmaceutical fields. It is stated that silver nanoparticles have an effective
antimicrobial impact and are used as antibacterial agents in China in a variety of public environments, such as train stations
and elevators (Prabhu and Poulose, 2012). The substantial threat that microorganisms pose to silver ions and silver-based
compounds, including more than 15 bacterial species, is well established (Slawson et al., 1992; Zhao and Stevens, 1998).
Silver is an excellent choice for many medical applications because of its feature.

Properties of silver

Since silver is an inert metal, human tissues are unaffected by it in its “pure,” nonionized form. Water, wound fluids, and
exudates all help silver easily ionize and release Ag" or other biologically active ions, which attach to proteins on the
surfaces of cells, including those of bacteria and fungi. Silver may form a variety of compounds, such as Ag>" or Ag>",
despite being uncommon and unstable (Lansdown, 2004).

Silver is an electron-positive element, much like all other metals, and its cation, Ag*, interacts and binds with proteins
and anions in a surprising way. Additionally, Ag™ binds to receptor groups on the surfaces of neighboring cells, bacteria,
and fungi/yeasts. The majority of silver compounds, including silver metal, partially ionize in the presence of water,
physiological fluids, and tissue exudates, releasing Ag™ or other “biologically active silver ions” for antibiotic action or
absorption into surrounding human tissues (Zhao and Stevens, 1998).

Metallic silver appears to pose little risk to health in comparison with soluble silver compounds, which are more readily
absorbed than metallic or insoluble silver and may have adverse effects on human health (Rosenman et al., 1979;
Rosenman et al., 1987; Drake and Hazelwood, 2005).

When silver is shrunk to a nanosize, its surface area increases, and there is a substantial amount of silver at the site of
action.

Properties of silver nanoparticles

Surface effects and quantum effects are two characteristics that set nanomaterials apart from bulk materials (Roduner,
2006). These procedures have had a substantial impact on the chemical, mechanical, optical, electrical, and magnetic
properties of materials.

The size, morphological substructure of the substrate, and form of nanoparticles are their primary properties (including
proper aspect ratios). Silver nanoparticles have a wide range of properties, including catalysis, magnetic and optical
polarizability, electrical conductivity, microbiological activity (antibacterial, antifungal, antiviral, antiinflammatory, etc.),
and enhanced Raman scattering (Pandiarajan and Krishnan, 2017).

Mechanism of action of silver nanoparticles on microbial cells

AgNPs have been shown to be effective against more than 650 pathogens, including viruses, fungi, and Gram-positive and
Gram-negative bacteria, although the precise mechanism behind this antibacterial mode of action is still not fully known
(Fig. 9.2) (Malarkodi et al., 2013; Dakal et al., 2016).

Mainly AgNPs key mechanisms are as below:

Structural changes

Formation of free radicals

DNA damage

Modulating the signal transduction in bacteria

Eal ol

Structural changes

Silver nanoparticles’ ability to enter and adhere to the bacterial cell wall enables structural alterations in the cell membrane,
including enhanced membrane permeability and cell death. Nanoparticle accumulation and the development of “pits” on
the cell surface are both taking place (Sondi and Salopek-Sondi, 2004).
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FIGURE 9.2 Various mechanisms of silver nanoparticles.
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Formation of free radicals

Although the exact mechanism underlying these actions is unknown, it has been demonstrated that Ag nanoparticles have
growth-inhibitory effects on microorganisms. One explanation for the growth inhibition is the generation of free radicals on
the surface of Ag. Unchecked free radical generation can harm membrane lipids, which will therefore inhibit the membrane
from working (Mendis et al., 2005).

The hypothesis of free radical involvement close to the Ag nanoparticle surface in the antibacterial activity of Ag
nanoparticles was taken into consideration based on electron spin resonance investigations (Kim et al., 2007).

DNA damage

The fact that silver is a soft acid illustrates the natural tendency of an acid to react with a basic, in this case, a soft acid to
react with a soft base (Morones et al., 2005). Most of the cells are composed of the soft bases phosphorous and sulfur.
These nanoparticles’ impact on the cell may trigger a reaction that leads to cell death. Another reality is that the bulk of
DNA is composed of the two elements phosphorus and sulfur; nanoparticles can act on these soft bases and degrade DNA,
which unquestionably results in cell death (Alcamo, 1997; Feng et al., 2000). The interaction of the silver nanoparticles
with the sulfate and phosphorus in the DNA can cause issues with DNA replication.

Modulating the signal transduction in bacteria

Furthermore, it has been found that nanoparticles can affect the signaling processes of bacteria. It is widely known that
phosphorylation of protein substrates affects bacterial signal transmission. Tyrosine residues have only been observed to
dephosphorylate in gram-negative bacteria. The phosphotyrosine profile of bacterial peptides is altered by the nano-
particles. It was shown that the nanoparticles dephosphorylate the tyrosine residues in the peptide substrates, which
prevents signal transduction and halts proliferation. To completely substantiate the claims of growth slowing, it is
necessary to understand that further research on the topic is required. However, it’s critical to understand that additional
research on the topic is required to completely substantiate the assertions (Shrivastava et al., 2007).
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Green synthesis

Nanoparticles have outstanding application in biomedical, drug delivery, chemical industries, electronics, foods, opto-
electronic devices, nonlinear optical devices, space industries, energy science, and photoelectrochemicals (Nath and
Banerjee, 2013). There are three most common approaches for synthesis of nanoparticles, physical, chemical, and
biosynthetic. Generally chemical methods are expensive and nanoparticles synthesize by chemical synthesis are toxic,
carcinogenic, and hazardous due to the use of toxic chemicals and toxic solvents in their preparation (Husen and Siddiqi,
2014). Therefore, eco-friendly method or green synthesis is required for the synthesis of nanoparticles. Biological method
by the bottom-up approach is the best alternative to overcome this problem. Metallic/silver nanoparticles can be syn-
thesized in a more sustainable and “green” process through utilizing biological materials such as bacteria, fungi, algae,
plant extracts, enzymes, and biomolecules. This greener approach can be a single-step process that requires a lower energy
level, lower temperature, and lower pressure than conventional processes. Another benefit of green-inspired synthesis of
AgNPs is more cost-efficient than the physical and chemical methods (Srikar et al., 2016).

Methodology of formulation of silver nanoparticles by green synthesis

Biological methods are more useful for the manufacturing of exceptionally stable, properly characterised and safer AgNPs
than the chemical techniques and physical methods.

Bacteria-mediated nanoparticle generation

Bacteria are capable to reduce metal ions and precipitate metals at nanometer scale. Bacteria are effective bio-factories for
the synthesis silver nanoparticles because they produce various inorganic materials either intra- or extracellular. Silver is
known for its bactericidal action but some bacteria are resistant to silver, and they store silver in their cellular wall (Singh
et al., 2019). Most common mechanism is enzyme nitrate reductase converts nitrate (NO3 ") to nitrite (NO; ") and silver ion
reduced to metallic silver leads to synthesize silver nanoparticles. Some functional groups present in the bacterial cell wall
are also responsible for the reduction of Ag™ to Ag’.

Bacteria are producing AgNPs either by intracellular or extracellular processes. Intracellular process involves the
trapping, bioreduction, and capping of various nanoparticles. Extracellular process involves enzyme secretion, bio-
reduction, and particle capping (Venil and Devi, 2021). Extracellular synthesis has been found to be more efficient and
easier for the extraction of AgNPs. Bacteria are favorable tools due to their diversity and high adaptability to extreme
conditions.

Fungi, actinomycetes, and yeast-mediated nanoparticle generation

Same as the bacteria; fungi, actinomycetes, and yeast also produce AgNPs either by intracellular or extracellular processes.
Fungi contain higher amount of enzyme, proteins, and reducing components at their cell surface so it produce more amount
of AgNPs than bacteria. Fungi accumulate Ag" into their cell surfaces and reduce by using naphthoquinones and an-
thraquinones present in fungal cell systems (Siddiqi and Husen, 2016). Very few researches are available on yeast syn-
thesizing silver nanoparticles. Silver nanoparticles have been synthesized by various actinomycetes such as Streptomyces
sp. Thermoactinomyces sp., and Rhodococcus sp. (Alani et al., 2012).

Algae-mediated nanoparticle generation

Many researchers have done work on the synthesis of algae AgNPs. AgNPs are produced either by intracellular or
extracellular process. Algae are rich in protein, enzyme, pigments, lipids, DNA, RNA, and secondary metabolites; these
may act as reducing agents at the surface or as a capping agent (Vijayan et al., 2014). Algae grow very fast, are easy to
handle, and their biomass growth is 10 times faster than plants.

Plant-mediated nanoparticle generation

The specific quantity of the plant sample is taken for the preparation of the extract in solvents, and the extract filtrate is
diluted with sterile distilled water. The diluted filtrate is used for the synthesis of silver nanoparticles. Reduction of silver
ion by the mixture of molecules like polysaccharides, proteins, enzymes, secondary metabolites, and vitamins. Many plants
are reported for the successful synthesis of AgNPs (Ahmed et al., 2016). There is a variation in chemical compositions of
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plant extracts of the same species when it is collected from different regions and may lead to different results in different
laboratories.

Green synthesis of AgNPs

AgNPs produced and synthesized with the addition of plant extracts or biomass in the silver salt, ] mM of silver nitrate
(95 mL) is mixed with 5 ml of (diluted) plant extract/biomass and stirred in aconical flask. The formation of the nano-
particle is confirmed by the development of brown color in the solution (Fig. 9.3).

Factors affecting formulation of silver nanoparticles by green synthesis

Different factors, including pH, temperature, and reaction time control the synthesis and stabilization of nanoparticles
synthesized by way of biological entities. A number of the factors that influence nanoparticle system synthesis are as
follows.

pH of the response medium

The pH of the response medium plays an important function in the production of nanoparticles. Different hydrogen ion
concentrations result in variations in the size and shape of the nanoparticles. Many researchers have stated that a basic
medium is favorable for AgNPs synthesis due to better stability, rapid growth rate; enhance reduction, small, and uniform
size formation (Singh et al., 2009). The aqueous solution of AgNPs with different pH values showed different surface
plasmon resonance (SPR) behavior. This is explained in terms of size and size distribution of AgNPs. Very high pH
(pH > 11) was associated with the drawback of the formation of agglomerated and unstable AgNPs (Tagad et al., 2013).

Response temperature

Temperature plays a very vital position in the synthesis of silver nanoparticles with the aid of specially affecting the sizes
and styles of the ensuing nanoparticles. The synthesis of AgNPs lower as the reaction temperature increases but stability is

FIGURE 9.3 Green synthesis of silver nanoparticles.
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increased, ensuing in a change in their morphology. It was demonstrated that lower response temperatures ended in large
nanoparticles, whereas excessive temperatures produce small nanoparticles (Lade and Shanware, 2020). It was determined
that Vitexagnus-castus leaf extract could lead rapid reduction of silver ions even at a relatively low temperature of 40°C
while the effective synthesis of AgNPs was registered only at 60—80°C (Stavinskaya et al., 2019). Reaction temperate is
also depending on the biomaterial, up to 100°C used for plant extract and biopolymers while for microorganisms it’s
restricted to 40°C.

Incubation time

The time period of incubation for nanoparticle response media substantially influences the first rate and morphology of the
nanoparticle, long incubation time may result in agglomeration, that have probabilities to purpose a reduction within the
nanoparticles capability (Pal et al., 2019). In the synthesis of A. fumigatus DSM819 silver nanoparticles, it was observed as
small peaks at 10—20 min. After that, an increase in peak intensity was recorded after longer time periods up to 90 min due
to the increase in the numbers of AgNPs, and then, the peak intensity starts to go down at 120 min (Othman et al., 2019).

Light intensity

Light intensity is considered a critical element for influencing the synthesis of AgNPs. The light irradiation approach that
makes use of daylight is the best approach to support the green synthesis of AgNPs. Piper longum catkin extract and
Carica papaya fruit mentioned that the absorbance multiplied with mild intensity improved. For this reason, it’s expected
that under sunlight, the reduction of silver ions can be completed within a couple of minutes, whereas the response requires
an extended period in the dark. This arises because of because of photons of a selected wavelength in direct sunlight, which
catalyze the green synthesis process (Kumar et al., 2017). It was observed by many researchers that the AgNPs with
spherical shapes were formed and a higher number of particles was produced after continuous exposure to higher light
intensity (Mokhtari et al., 2009). The rate of silver reduction could be efficiently accelerated through visible light exposure.

AgNO3 concentrations and biomass concentration

For the formation of very minute particles, a very small quantity of the reactant is required. If the concentration of the
reactant is increased, the reduction of silver ion will not be successful and the accumulation could be observed. One study
reported the effect of silver nitrate (AgNQO3) concentrations (0.5, 0.7, and 0.9 mM) on the production of AgNPs. Surface
electrical conductivity results showed that AgNOj3 concentration 0.5 mM produced higher electrical conductivity compared
to those of 0.7 and 0.9 mM concentrations (Htwe et al., 2019). Higher concentration of silver nitrate leads to the formation
of larger-sized nanoparticles. Biomass concentration should be optimized, as higher amount of biomass leads to
agglomeration of AgNPs and formation of larger-sized nanoparticles (Singh et al., 2014).

Characterization of silver nanoparticles by green synthesis

The physicochemical characteristics of nanoparticles determine their behavior, biodistribution, safety, and effectiveness.
AgNP characterization is therefore essential for evaluating the functional attributes of the produced particles. Table 9.1 lists
many analytical methods and assay procedures that are employed for characterization.

Particle size and size distribution

For nanoparticles, particle size and size dispersion are the most important variables. They determine the distribution of
nanoparticle systems in vivo, their biological fate, their toxicity, and their targeting ability. Numerous studies (Panyam and
Labhasetwar, 2003) have demonstrated that submicron nanoparticles offer a number of advantages over microparticles as a
medication delivery strategy. According to another study, 100 nm nanoparticles were absorbed in a Caco-2 cell line 2.5
times as much as 1 m microparticles and 6 times as much as 10 m microparticles (Desai et al., 1997).

Nanoparticles have a far higher intracellular uptake than microparticles due to their small size and relative mobility,
which makes them available to a wider range of biological targets. Studies on anticancer drugs also show that particle size
influences the release of the drug (Win et al., 2005).

In other cell types, microparticles do not absorb as well as nanoparticles (Zauner et al., 2001). If the particle size is
larger than the drug, the release of the drug is significantly impacted (Redhead et al., 2001).
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It is challenging for researchers to make nanoparticles with the smallest size while maintaining the best stability.
Smaller particles have a larger risk of aggregating during storage and transportation of nanoparticle dispersion (Dunne
et al., 2000).

The best methods available today for determining particle size are photon-correlation spectroscopy or dynamic light
scattering, and the outcomes of these approaches are examined using scanning or transmission electron microscopy (SEM
or TEM) (Boylan and Swarbrick, 2002).

Photon-correlation spectroscopy (PCS)

The average particle diameter of each fraction’s intensity is calculated using PCS. This technique creates a correlation
function from the time-dependent light-scattering fluctuations brought on by particles moving with Brownian agitation
using an autocorrelator. The usual translation diffusion coefficient that results directly from this measurement is inversely
proportional to the particle size, as stated by the Stokes—Einstein law (Huve et al., 1994).

Scanning electron microscopy (SEM)

Because of advancements made in a number of high-resolution microscopy techniques, SEM is a surface imaging tech-
nique used in electron microscopy that is fully capable of resolving a range of particle sizes, size distributions, forms of

TABLE 9.1 Characterization of nanoparticles and their techniques.

Parameters Analytical techniques/methods
Particle size and size distribution Scanning electron microscopy (SEM)
Transmission electron microscopy (TEM)
Photon-correlation spectroscopy (PCS)
Dynamic light scattering (DLS)

Fluorescence correlation spectroscopy (FCS)

Optical properties

Surface properties
Crystallinity

Thermal property
Structure and composition
Drug loading

% Encapsulation efficiency

Drug release

Antibacterial assays

Cell viability

Stability

UV-spectroscopy

Atomic force microscopy (AFM)

Zeta potential

X-ray powder diffraction (XRPD)
Differential scanning calorimetry (DSC)

Nuclear magnetic resonance (NMR)

Fourier transform infrared spectroscopy analysis (FTIR)

Sample and separate (SS)

Continuous flow (CF)

Dialysis membrane (DM)

Zone of inhibition plates (ZOlI)

Minimal inhibitory concentration test (MIC)
Minimal bactericidal concentration test (MBC)
LDH test

MTT assay

MTS assay
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nanomaterials, and surface morphology of manufactured particles at the micro- and nanoscales. A very energetic electron
beam is used to explore objects on a very microscopic scale in order to learn more about nanomaterials. One can investigate
the morphology of the particles and produce a histogram from the photographs by manually counting and counting the
particles or by using specialized software (Patil and Chougale, 2021).

Transmission electron microscopy (TEM)

TEM is a helpful technique to obtain accurate measurements of particle and size distribution, morphology for nano-
materials. It is a major and widely utilized technology. TEM images allow one to see the form of synthesized NPs. The
magnification is primarily determined by the ratio of the distances between the objective lens and the specimen and the
objective lens’s image plane.

In a conventional TEM, a thin specimen is subjected to an electron beam with a constant current density. The electron
intensity distribution behind the item is magnified using a three- or four-stage lens system and is then shown on a fluo-
rescent screen. A photographic emulsion or an image plate may be directly exposed in order to capture the image, or a
CCD (Charge-Coupled Device) camera may capture the image digitally.

Higher spatial resolution and the ability to perform more analytical experiments are two benefits of TEM over SEM.
Two limitations are a small sample section and high vacuum needs (Williams and Carter, 1996; Hall et al., 2007; Lin et al.,
2014).

Dynamic light scattering (DLS)

Dynamic light scattering is a method that depends on the interaction of light and particles. This method is effective for
determining narrow particle size distributions, especially in the range of 2—500 nm (Tomaszewska et al., 2013). DLS is the
technique used the most frequently to characterize nanoparticles (Jans et al., 2009; Zanetti-Ramos; 2009).

To quantify the light scattered from a laser as it passes through a colloid, DLS largely relies on Rayleigh scattering from
the suspended nanoparticles (Fissan et al., 2014). The fluctuation of scattered light intensity as a function of time can then
be analyzed to determine the hydrodynamic size of the AgNPs (Koppel, 1972; Berne and Pecora, 2000; Dieckmann et al.,
2009).

Fluorescence correlation spectroscopy (FCS)

FCS can generate quantitative data such as diffusion coefficients, hydrodynamic radii, average concentrations, and kinetic
chemical reaction rates by fitting an appropriate autocorrelation analysis to the temporal fluorescent variation.

One significant advantage that FCS has over DLS or NMR is that it only needs a small amount of fluorescent probe
particles at sub- to nanomolar concentrations. This allows it to monitor the probe particles, avoid medium interference, and
probe AgNPs’ sizes in the nanometer to hundreds of nanometer range (Magde et al., 1972; Krichevsky and Bonnet, 2002;
Boukari and Sackett, 2008; Sapsford et al., 2011).

Optical analysis

By observing the transformation of the autolysat with AgNO3 from colorless to brown, UV-visible (UV) spectroscopy in
the wavelength range of 200—800 nm, with a resolution of 1 nm, was employed to visually and spectroscopically monitor
the synthesis of AgNPs (Wypij et al., 2021).

This is accomplished by counting the SPR frequencies of the solution’s particle constituents. Mukherjee et al. claim that
the strength of the peak obtained is connected to the quantity of nanoparticles present and that the breadth and height of the
peak are directly proportional to the particle concentration. The quantity of particles in the test solution determines its
height, and the range of the UV spectrum peak represents its dispersion (Mukherjee et al., 2008).

Surface properties

Among the different surface properties that are commonly viewed as significant aspects are surface composition, surface
energy, wettability, surface charge, and species absorption or adhesion. Numerous characteristics of nanomaterial in-
terfaces are caused by the atomic or molecular composition of the surfaces and the physical surface structures, which
respond to interactions between the nanomaterial and the surrounding species (Sapsford et al., 2011).
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Atomic force microscopy (AFM)

The size, shape, sorption, and structure of nanomaterials, as well as their dispersion and aggregation, are frequently
examined using atomic force microscopy (AFM). Unlike electron or light microscopy, AFM enables high-resolution direct
inspection of the object without the requirement for an incident beam. This surface imaging technique measures the force
acting on a sample of living organisms at subnanometer resolution under physiological conditions by scanning a sharp tip
over the sample’s surface. The force acting on the tip as it is pushed toward and then pulled away from the sample is
measured using the pico newton (10—12 N) sensitivity. There are three distinct scanning modes: contact mode, noncontact
mode, and intermittent sample contact mode (Patri et al., 2006; Picas et al., 2012; Lin et al., 2014).

Zeta potential

The zeta potential of the nanoparticle is commonly used to explain the surface charge characteristics of nanoparticles.
Nanoparticles with a zeta potential larger than (+/—) 30 mV have been shown to be stable in suspension due to the surface
charge. The zeta potential can be used to detect the presence of an encapsulated charged active material or an adsorbate on
the surface of nanoparticles (Zhang et al., 2016).

Crystallinity
X-ray powder diffraction (XRPD)

XRD is the fundamental technique for ascertaining the crystalline nature at the atomic level (Das et al., 2014). X-ray
powder diffraction is a non-destructive technique with a lot of potential for characterizing both organic and inorganic
crystalline materials. The guiding concept of X-ray diffraction is Bragg’s law. For X-ray diffractography, wide-angle
elastic scattering of X-rays serves as the usual basis (Waseda et al., 2011). Typically, diffracted beams come from the
sample and show the physical, chemical, and structural properties of a powder specimen. Thus, XRD can be used to
analyze the structural properties of a variety of materials, including inorganic catalysts, superconductors, biomolecules,
glasses, polymers, etc. (Gill et al., 2010).

Thermal property

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a technique for thermal analysis that tracks the temporal variations in a sample’s
physical properties. Based on the difference in temperature between the sample and the reference material, DSC measures a
heat quantity that is excessively radiated or absorbed by the sample during a temperature shift (Bothun, 2008).

The analysis of DSC measurements thereafter can disclose the structure and stability of the subject material (Pan et al.,
2006). DSC can access material transitions such as melting, crystallization, glass transition, and decomposition of
nanomaterial-bioconjugates.

Structure and composition

Nuclear magnetic resonance (NMR)

Dendrimers, polymers, and derivatives of fullerenes, as well as the conformational changes that occur during interactions
between ligands and nanomaterials, have all been studied using NMR spectroscopy (Wang et al., 1999; Tomalia et al.,
2003; Lundgqvist et al., 2005).

Using specifically created radio frequency and/or gradient pulse sequences, NMR spectroscopy provides methods to
analyze dynamic interactions of the species under a variety of situations, such as relaxation, molecule conformation, and
molecular mobility. The structures and chemical compositions of the species are also assessed using NMR spectroscopy
(Jiang et al., 2005).

Fourier transform infrared spectroscopy analysis (FTIR)

Fourier transform infrared (FTIR) spectroscopy is frequently utilized for nanomaterial applications in order to reveal
nanomaterial-biomolecule conjugation, such as proteins connected to NP surfaces, and to display the conformational states
of the bound (Shang et al., 2007; Tom et al., 2007; Baudot et al., 2010; Perevedentseva et al., 2011).
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The study of nanoscaled objects has become a new application area for FTIR spectroscopy analysis, a method based on
infrared spectroscopy, in the last 10 years. The various chemical bonds that are present in a substance can be seen using
infrared FTIR spectroscopy (Patel et al., 2013).

Drug loading

High drug loading capacity is one of the most desired properties of a successful nanoparticle. The large loading capacity of
NPs reduces the quantity of polymer carriers required for the administration of a vaccination or treatment inside the body
(Liu et al., 2020). 45 Drug loading is an important consideration while making drug-loaded nanoparticles. Drug loading is
governed by the following equations (Manjunath et al., 2005).

mass of the drug (w)drug

Drug Loading = -
rHe LOATNE = {otal mass of the drug loaded nanoparticles (W)drug + (w)nanocarrier

% Encapsulation efficiency

The amount of free drug that is present in the dispersion medium can be utilized to determine how well the system entraps
drug. The dispersion media can be separated using centrifugation. Encapsulation efficiency is governed by the following
equation (Savaser et al., 2018).

Entrapment Efficiency — (wt.of the drug in system — wt.of drug in aqueas phase)

wt.of drug in system

Drug release

The drug release mechanisms play a key role in the creation of drug polymers. They affect the effectiveness of the advised
application and keep drug delivery successful.

Based on the physical or chemical characteristics of a polymer, drug release mechanisms from polymer matrixes can be
categorized into three main groups: (1) drug diffusion from a nondegraded polymer (diffusion-controlled system); (2)
enhanced drug diffusion caused by polymer swelling (swelling controlled system); and (3) drug release caused by polymer
degradation and erosion (erosion-controlled system) (D’Souza et al., 2014).

The behavior of dose forms as well as the safety and effectiveness of a product can both be determined by looking at the
drug release kinetics. To assess drug release from nano-sized dosage forms, one of the three categories of techniques listed
below, namely sample and separate (SS), continuous flow (CF), and dialysis membrane (DM), can be utilized. Recent
reports also mention devices that integrate the SS and DM or CF and DM concepts (Chitra et al., 2014).

Antibacterial assays/quantification of antibacterial activity

Antibacterial activity is discovered using zone of inhibition plates, the minimal inhibitory concentration test, and the
minimal bactericidal concentration test.

Zone of inhibition (ZOl) plates

It is a test to determine how sensitive a microorganism is to antibiotics. Antibiotic-loaded agar plates are then filled and left
to incubate. The growth inhibition or bacterial destruction is identified by looking at the empty zone surrounding the
antibiotic after the incubation period (Wiegand et al., 2008).

Minimal inhibitory concentration (MIC)

The substance that prevents bacterial development is present in the smallest amount. In order to estimate MIC, solutions of
various concentrations are incubated with bacteria. The outcomes are then evaluated using an agar dilution or a broth
microdilution. Some advantages include small-scale experiment applicability, low preparation required, relatively
straightforward preparation and execution, and possibly short test turnaround times (Crisan et al., 2021).
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Minimal bactericidal concentration (MBC)

Bacteria can be killed by substances in even the tiniest quantities. A procedure similar to that used to evaluate MIC is
utilized to determine MBC, resulting in a methodology that has several advantages. It makes it possible to determine the
minimum agent concentration needed to kill bacteria and can be used to rank antimicrobial agents based on their effec-
tiveness (Mahmoudi et al., 2012).

Cell viability

Cytotoxicity assays come in two different varieties: in vivo and in vitro research. While in vivo toxicity tests (cell-based
assays) are time-consuming, expensive, and fraught with moral ambiguity, in vitro toxicity tests (cell culture-based assays)
are more expedient, useful, affordable, and devoid of such complications. Due to these advantages, in vitro experiments are
the method of choice for assessing the toxicity of the majority of nanomaterials (Korzeniewski and Callewaert, 1983).

The three in vitro methods that are most frequently used to assess the cytotoxicity of nanoparticles are LDH, MTT, and
MTS tests.

LDH test

The LDH test, which measures the quantity of LDH, a marker of cell membrane integrity released into the culture media by
wounded cells, is frequently a colorimetric assay. Cellular toxicity can be evaluated using this assay in a quick, simple, and
accurate manner (Meerloo et al., 2011).

MTT assay

The MTT assay is an additional possible technique to detect the cytotoxicity of NPs. MTT, also known as 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, is a yellow substance that is converted into purple, insoluble
formazan crystals by mitochondrial succinate dehydrogenases in live cells. This process is directly impacted by the number
of viable cells (Malich et al., 1997).

MTS assay

In the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) experiment,
tetrazolium salt is converted into a vibrant soluble formazan product by live cells using mitochondrial dehydrogenase
enzymes. In reality, the MTS assay generates a colorimetric product, just like the MTT assay. The amount of living cells in
the culture has a direct relationship with the amount of formazan produced (Reidy et al., 2013).

Stability

Given that one of the main contributors to silver toxicity is silver ions, the stability of silver nanoparticles significantly
affects how poisonous they are. Additionally, it was claimed that the aggregation of silver nanoparticles affected their
toxicity. Numerous factors, such as ionic strength and composition, pH, dissolved organic matter, ambient humidity,
dissolved oxygen concentration, temperature, size, shape, and coating as well as their concentration, all have an impact on
the durability of nanoparticles (Tarannum and Gautam, 2019). Stability study should be performed as per ICH Guideline.

Application of silver nanoparticles

The development of nanoparticles is quick, cheap, and eco-friendly. To create the stable nanostructures required for
medical applications, the nanoparticles are coated with capping agents derived from natural substances, obviating the need
for the postsynthetic coating step necessary in the case of chemical synthesis. AgNP capping agents, which have a wide
range of medical applications, enable the surface modifications and attachments of other molecules (Mohanpuria et al.,
2008; Gurunathan et al., 2014; Salomoni et al., 2015; Wypij et al., 2021).

Antibacterial

AgNPs have effectively suppressed Staphylococcus aureus (Ronavari et al., 2018), Pseudomonas aeruginosa (Abbasza-
degan et al., 2015), and other hazardous bacteria, fungi, and viruses. The antibacterial effect of AgNPs affects microor-
ganisms in many ways. Gram-negative bacteria are more sensitive to AgNPs than Gram-positive bacteria (Agnihotri et al.,
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2014). AgNPs’ antibacterial activity increases significantly as their particle size decreases. AgNPs have more antibacterial
activity, especially when they are smaller than 10 nm (Jiraroj et al., 2014). Increasing the AgNPs treatment time can
significantly boost the antibacterial effect (Hong et al., 2016). The most effective antibacterial action is seen for AgNPs
with a spherical form. This phenomenon may lead to increased antibacterial activity in AgNPs with higher surface to
volume ratios, which are associated with more effective contact and larger reaction surfaces (Mandal et al., 2016). AgNPs
may function more effectively against bacteria if their surface charges are altered. AgNps stabilized by various polymeric
systems have demonstrated enhanced antibacterial activity against the gram-negative pathogens P. aeruginosa and E. coli
when compared to unstabilized AgNps. The costabilization of the bioactive copolymer pluronicTM F68 has significantly
enhanced the antibacterial activity against both microbes (dos Santos et al., 2012; Mallmann et al., 2015).

Antifungal and antiviral

AgNPs been proven to have antibacterial effects on both bacteria and fungi. AgNPs that have been reduced with ribose and
stabilized with sodium dodecyl sulfate (SDS). The effectiveness of these particles against Candida tropicalis and Candida
albicans was also tested (Mohammed et al., 2020). In many different uses, especially as an antifungal, antiviral, and
antibacterial action, it is thought to be cost-effective. The fungus was successfully used to create silver nanoparticles, which
then showed antifungal activity when beginning with AgNOj3. It has been discovered that the use of NPs in treating
bacterial, viral, and fungal infections in humans is effective and promising (Barbosa et al., 2019).

Anthelamic

Most anthelmintic drugs used to treat parasitic worm infections either target certain proteins or regulate muscle and
neuronal electrical activity. Some D. flagrans extract has the ability to generate AgNP, which has a nematicidal impact
(Ghareeb et al., 2022). Silver nanoparticles produced from the brown alga Colpomenia sinuosa had a greater nematicide
activity (Gomes et al., 2021).

Anticancer application

Silver nanoparticles are being investigated more and more as a result of their distinctive physical, chemical, and optical
characteristics, which allow them to be employed in a range of applications, such as the delivery of drugs to a particular
target in the body (Ma et al., 2017). A system that integrates cancer detection and treatment modalities has been developed
using nanoparticles (Patra et al., 2018). The initial generation of nanoparticle-based therapy utilized lipid systems that have
currently received FDA approval, such as liposomes and micelles (Park et al., 2006). These liposomes and micelles might
also include gold or magnetic nanoparticles (da Silva et al., 2019). In contrast to standard anticancer medications, MNPs
can be used as novel therapeutic agents or drug carriers in combination with therapy candidates, preventing adverse side
effects.

AgNPs have been reported to have effective anticancer action in cases of breast cancer (Gurunathan et al., 2015), colon
cancer (Gurunathan et al., 2018), ovarian cancer (Yuan et al., 2017), pancreatic ductal adenocarcinoma (Zielinska et al.,
2018), lung cancer (Fard et al., 2018), and other cancers. For ex, according to research, the globular B. tequilensis and
C. indica AgNPs (multishaped, especially rod). The apoptotic potential of these two types of AgNPs was studied in human
breast cancer cells. The findings of various biochemical and cellular tests showed that both B-AgNPs and F-AgNPs
exhibited significant cytotoxic effects on breast cancer cells (Gurunathan et al., 2015). Some recent scientific research
have focused on the use of AgNPs in combination with anticancer pharmaceutical medications in an effort to boost
antineoplastic efficacy, particularly when utilized synergistically with natural anticancer agents used in their manufacture
(Green-Chemistry approaches). This is despite the fact that AgNPs are extensively used in in vitro studies using various
cancer cell models (due to their intrinsic anticancer effect) (Mihai et al., 2019).

Other medical application

Wound healing and infection control

The traditional way of treating wounds uses topical medicines like antibacterial or colloidal chemicals to lower the risk of
infection and promote the healing process (Mihai et al., 2019). Because they heal quickly, burns, other serious wounds, and
surgically created wounds are all regarded as acute wounds (Li et al., 2007). Antimicrobial wound dressings have
developed into useful substitutes in recent years for reducing bacterial colonization and infection in wounds (Negut et al.,
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2018). While Pseudomonas aeruginosa and Escherichia coli are typical of chronic wounds and infect deeper skin layers,
Staphylococcus aureus and methicillin-resistant Staphylococcus aureus (MRSA) are the most commonly detected,
affecting the early stages of wound healing (Mihai et al., 2014).

Bone healing

Bone repair is a growing field of knowledge for orthopedic surgery. Technologies for bone healing are required, and they
must resemble bone in terms of biochemistry and structure. Nanotechnology might offer a solution as hydroxyapatite and
nanoscale collagen fibers make up bone (Brannigan and Griffin, 2016). In orthopedic traumatology and bone healing,
numerous nanometer-sized entities, structures, surfaces, and devices with typical lengths ranging from a few nanometers to
a few micrometers are used (Harvey et al., 2010). An ideal scaffold for bone tissue engineering applications should be
biocompatible, produce breakdown products that are nontoxic, and be simple to be excreted by the body in addition to
serving as a 3D template for both in vitro and in vivo bone production (Stylios et al., 2007).

Dental applications

Dental innovations and diagnosis make use of nanostructures. Some nanoparticles are utilized in prosthetics, dental im-
plants, and drugs that fight oral disorders. Furthermore, nanoparticles deliver oral fluids or drugs, preventing and treating
various oral disorders and substantially preserving oral health (Priyadarsini et al., 2018). Nanomaterials show significant
promise for improving the health of dental patients, and nanotechnology advancements are paving the way for the future of
dentistry (Khurshid et al., 2015).

Vaccine adjuvant

The term “nano-adjuvant” is used to characterize nanoparticles (NPs), which can act as adjuvants for vaccinations (NA).
NPs can either encapsulate or adsorb the vaccination antigen or DNA in a suitable formulation, improving stability, cellular
absorption, and immunogenicity (Garg and Dewangan, 2020). When compared to unconjugated antigens, vaccine com-
ponents can be delivered via nanocarrier-based delivery systems, which also increase cellular absorption and trigger potent
innate, humoral, cellular, and mucosal immune responses (Pati et al., 2018).

Biosensing and imaging

Genome analysis, the food and beverage industry, environmental protection, and healthcare are just a few of the industries
that use enzyme, tissue, immuno-sensors, DNA, thermal, piezoelectric, and radiofrequency biosensors in a range of ap-
plications (Shrestha, 2022).

Antibacterial mechanism of silver nanoparticles

Conventional broad-spectrum antibiotics have been widely used to inhibit bacterial infections. Although, these antibiotics
are ineffective to inhibit multidrug-resistant bacterial strains. This is because such bacteria are getting more resistant to
bactericidal action of antibiotic molecules. On that account, it’s a need to develop some new formulation that work against
multidrug-resistant strains (Nikolelis and Nikoleli, 2018). Due to the large surface area, AgNPs exhibit wonderful
antibacterial activity. However, AgNPs are more effective against gram-negative bacteria than gram-positive because
gram-positive bacteria have one cytoplasmic membrane and a relatively thick cell wall of 20—80 nm with several
peptidoglycan layers which act as a natural barrier and prevent penetration of nanoparticles, while gram-negative bacteria
have an external layer of lipopolysaccharide, middle thin layer of peptidoglycan and an innermost plasma membrane as
well its negative charge accelerate the adhesion of AgNPs (Liao et al., 2019). The antibacterial activity of AgNPs also
depends on the shape, size, charge, and dose of AgNPs.

Antibacterial mechanism of nanoscale silver is not exactly clear but it involved the following one or more mechanisms.

The first one is AgNPs having more surface area and continually release silver ions, nano silvers are able to penetrate
the outer membrane of cell wall, accumulating in the inner membrane can cause cell membrane denaturation and afterward
change the structure of the cell membrane. The denaturation of cytoplasmic membrane can rupture organelles, and even
result in cell lyses (Perni et al., 2014; Slavin et al., 2017). AgNPs also interact with sulfur-containing proteins in the cell
wall of bacteria; an interaction with protein may cause structural damage leading to cell wall rupture. Outer surface
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damages and dense cavities on the cell surface can be visualized by advanced imaging techniques such as transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and AFM (Gopinath et al., 2017).

The second proposed mechanism for antimicrobial activity of AgNPs is based on silver ion release from the nano-
particles, which has an adverse effect on both DNA and proteins.AgNPs can also enter the cell and interact with sulfur or
phosphorus groups, present in intracellular content such as DNA and proteins altering their structure and functions.
Intracellular effect of AgNPs is not limited to DNA, it also interacting with thiol groups of protein and respiratory enzymes
and enzymes will deactivate interrupt intracellular O, reduction, inducing reactive oxygen species and free radicals
generating that lead to damage to intracellular cells, activating the apoptosis pathway and terminate the cell multiplication.

Another mechanism that is proposed to occur in parallel with the earlier is the released of silver ions can interact with
cellular components altering metabolic pathways, membranes, and even problems in DNA replication (Satishkumar et al.,
2012). Silver ions can also inhibit the synthesis of proteins by denaturing ribosomes in the cytoplasm. In addition, silver
nanoparticles can be involved in bacterial signal transduction. Bacterial signal transduction is affected by phosphorylation
of protein substrates, and nanoparticles can dephosphorylate tyrosine residues on the peptide substrates (Duran et al., 2016;
Ramkumar et al., 2017).

Toxicity of silver nanoparticle

Silver nanoparticles are very effective antimicrobial agents while being nontoxic to mammals. However, numerous studies
stated that AGNPs causes destruction or imbalance in ecosystem release posing toxic impacts on plants, algae, and mi-
croorganisms. There is a need to understand the toxicity of AgNPs at the cellular level of these organisms and their further
impacts. Study results do not conclude on the effective/lethal/sublethal/optimum concentrations of AgNPs organism-wise,
in this context some regulatory measures can be made. As AgNPs are highly used in household, industry, and biomedical
products, they enter into the body via ingestion, inhalation, dermal contact and, directly in systemic circulation via parental
route (De Matteis, 2017). Due to exposure to AgNPs, they accumulate in the body and causes chronic toxicity, leads to
trigger the immune system and inflammatory action.

In vitro studies have demonstrated the toxic effects of Ag NPs on rat liver (BRL3A) and neuronal cells, human lung
epithelial cells, and murine stem cells (Stensberg et al., 2011). In vitro cytotoxicity characterized by oxidative stress, DNA
damage and modulation of cytokine production, stimulate the production of radical oxygen species (ROS), resulting in
oxidative stress and genotoxicity leading to cell necrosis and cell death (Hussain et al., 2005; Asharani et al., 2009).

AgNPs causes phytotoxicity in plants to a great extent which can be observed variably by analyzing different physical,
physiological, biochemical, and structural traits (Tripathi et al., 2017). They damage the cell membranes; interrupt ATP
production as well as DNA replication. The increase in the production of ROS and subsequent generation of oxidative
stress lead to various toxic impacts and may also affect the gene expressions and damage to DNA (Yin et al., 2012). Silver
nanoparticle increases the production of hydrogen peroxide (H202) in the plant cells and it affects the growth and
development of the plants and causes cell lysis. The toxicity of AgNPs can be seen from the seedling growth stage up to
full developed stage of the plants.

Compared with in vitro studies, significantly less information is available on the potential mechanisms of toxicity of Ag
NPs from in vivo studies. Exposure of laboratory rodents to Ag NPs has resulted in a myriad of toxicological responses,
including effects on circulatory, respiratory, central nervous, and hepatic systems. Effects on dermal tissues have also been
reported after topical administration of Ag NPs (Hadrup et al., 2018).

Neil et al. concluded in their review that, a case of mortality was observed at intrauterine exposure to ionic silver at
64 mg/kg bw. Localized argyria has been reported with exposure to silver ions, metallic surfaces, and nanocrystalline
silver. Generalized argyria was observed with ionic and nanocrystalline silver in humans at cumulative doses in the range
of 70—1500 mg silver/kg body weight. Silver is observed to have a low potential for skin irritation. Eye irritation and some
cases of allergic contact dermatitis have been reported. Silver may cause genotoxicity. Other reported toxicities include
hepatic, renal, neurological, and hematological effects (Hadrup et al., 2018).

Majority information about the mechanisms of Ag NPs toxicity is found in in vitro studies, very rare in vivo studies
reported three main mechanisms of toxicity of Ag NPS have been proposed: oxidative stress, DNA damage, and cytokine
induction. There is a need to explore the toxicity effect of leached Ag NPs from commercial products.

Conclusion

Green chemistry has emerged as a cutting-edge idea for the creation and application of chemical processes to reduce or
eliminate the use of hazardous materials. The potential of silver nanoparticles as antibacterial agents is enormous. Although
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silver’s antibacterial capabilities have long been recognized, the development of nanotechnology has made it possible to
fully utilize this feature. Due to their powerful antibacterial activity, silver ions and silver compounds have been used as
antimicrobial agents for decades in a variety of industries. Keeping all the potential benefits of silver nanoparticles in mind,
there is an active need to encourage pharmaceutical industries and other related laboratories to explore the avenue of
biological synthesis of silver nanoparticles.
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Introduction

Nanoparticles provide great benefits for mankind and society, giving rise to “nanomedicine.” Nanomedicine is blend
research area of biology, chemistry, and medicine, and it possibly alters the ways to treat diseases through novel and highly
developed therapeutic and diagnostic methods. It deals with design and development of various types of novel products
(Seleci et al., 2016; Zhu et al., 2019). Nanoparticles have small size, which increase surface to volume ratio; these
properties enhance their functional capability as compared to their bulk materials. Over a last decade, nanoparticles have
emerged as a novel drug molecule, which have various application because of their unique structural, physical, electronic,
chemical, optical, and catalytic properties in various fields such as pharmaceutical, medical, biotechnology, catalysis, drug
delivery, bioengineering, and photo-electrochemical (Chaudhury et al., 2014). Synthesis of nanoparticles using various
metal like gold, silver, copper, zinc, iron, platinum etc. is an active area of analysis in materials science.

Metal nanoparticles are synthesized by different technique like physical, chemical, and biological. But, biosynthesis of
nanoparticles by using various biological systems like plant, bacteria, and algae has been increased in last few years. These
biological systems have significant interest mainly because of being nontoxic, cheap, an easy process parameter, and eco-
friendly compared to traditional methods. Various organic phytochemical and metabolites from plants are considered as
significant sources for the synthesis of the nanoparticles, which act as both the reducing and stabilizing agent (Behzad
et al., 2021; Jeevanandam et al., 2022).

Zinc oxide nanoparticles have great interest because of its wide range of application as in ultraviolet lasers, gas sensors,
semiconductors, electric and piezoelectric devices, catalysts, solar cells, and pigments. Zinc oxide nanoparticles are
believed to be nontoxic, biosafe, biocompatible, and possess potential applications and are used in the form of powders,
antiseptic creams, surgical tapes and shampoos, to relieve skin irritation, diaper rash, dry skin, and blisters (Mirzaei and
Darroudi, 2017; Bandeira et al., 2020; Barman et al., 2020).

Lichens are mutualistic relations between fungi and algae. Several exclusive extracellular secondary metabolites are
formed as a result of this association in these microorganisms, which comprise amino acid derivatives, sugar alcohols,
aliphatic acids, macrocyclic lactones, mono-cyclic aromatic compounds, carotenoids, xanthhones, dibenzofuranes, dep-
sides, chromones, depsones, terpenoids, quinones, steroids, depsidones, and diphenyl ethers (Diaz-Reinoso et al., 2021).
Some phytochemical produced by lichens are physically and chemically similar to broad-spectrum antibiotics. Lichens
possess many kind of important biological exploit like antibacterial, antifungal, antioxidant, antiviral, and antigenotoxic
(Rankovi¢ and Kosanié, 2021; Anar et al., 2016).
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The aim of present work was to evaluate antimicrobial, synergistic antimicrobial, antioxidant, and photocatalytic ac-
tivity of zinc oxide nanoparticles from P. perlatum lichen.

Materials and methods
Chemicals

All the chemicals, solvents, and reagents used in the research were of scientific grade and were used without any further
purification. All chemicals were prepared freshly using distilled water and stored in the dark to avoid any photochemical
reactions. All glassware used in the research were thoroughly washed with distilled water. Zinc nitrate hexahydrate
(Zn(NO3),) were purchased from Hi media India, respectively. Distilled water was used throughout in all the experiments.

Preparation of lichen extract

For the synthesis of ZnONPs, 5 g of dry P. perlatum powder was mixed with 100 mL distilled water and boiled it on a
magnetic stirrer heater at a temperature of 80°C for 60 min. The extract was cooled to room temperature and filtered by
Whatman filter paper. The filtrate was used for the synthesis of ZnONPs.

Synthesis of ZnONPs

50 mL of P. perlatum extract boiled for 60 min was taken in a beaker and heated at 80°C on a magnetic stirrer heater. Five
grams of zinc nitrate hexahydrate (Zn(NOj3);) (0.8 mM) was added to the P. perlatum extract when the temperature reached
80°C. The mixture was heated until it was reduced to a deep yellow colored paste. The paste was collected in a ceramic
crucible and heated in a Muffle Furnace at 400°C for 2 h. A light yellow color powder of ZnONPs was obtained, which
was carefully collected and stored at 4°C for further analysis (Padalia and Chanda, 2017).

Characterization of the synthesized ZnONPs

UV-vis spectroscopy

Synthesis of nanoparticles is initially observed by ultraviolet-visible (UV-vis) spectroscopy. The reduction of the metal
ions in solution was observed by UV-vis spectra of the solution. UV-vis spectra was monitored on a spectrophotometer
(Analytik Jena, Specord 200 Plus) in 300—700 nm range operated at an interval of 10 nm.

Fourier transforms infrared spectroscopy

Possible functional groups involved in the synthesis and stabilization of nanoparticles were studied by FITR spectroscopy.
Nanoparticles were mixed with potassium bromide (KBr) and pressed into a pellet. The pellet was placed into the sample
holder and spectra were observed in wavelength region 400—4000 cm™' Nicolet IS10 (Thermo Scientific, USA). The
different modes of vibrations were recognized and assigned to determine the various functional groups in the ZnONPs.

Transmission electron microscopy

TEM analysis was done to determine the shape as well as size of the bio-synthesized zinc nanoparticles. The sample was
dispersed in double distilled water. A drop of thin dispersion nanoparticles was positioned on a “staining mat.” Carbon-
coated copper grid was introduced into the drop with the coated side upward. After about 10 min, the grid was removed, air
dried, and then analyzed in transmission electron microscope (JEOL JEM 2100).

Biological activity ZnONPs

Determination of minimum inhibitory concentration

Minimum inhibitory concentration (MIC) of ZnONPs was determined by Resazurin microtiter plate method (Palomino
et al., 2002) against Bacillus cereus (BC) (MCC 2240), Staphylococcus aureus (SA) (MCC 2043), Staphylococcus epi-
dermidis (SE) (MCC 2044), Bacillus subtilis (BS) (MCC 2244), Escherichia coli (EC) (MCC 2246), Klebsiella
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pneumoniae (KP) (MCC 2716), Serratia marcescens (SM) (MCC 2689), Klebsiella Sp (KS) (MCC2103), Candida
albicans (CA) (ATCC2091), Candida glabrata (CG) (NCIM3448), and Cryptococcus neoformans (CN) (ATCC34664).
MIC test was performed in 96 well microtiter plates. 20 uL. of nanoparticles and added into the well along with 150 pL
broth and 30 pL of microbial culture at a density of 6 x 10° CFU/mL was added to the wells. Antibiotics were used as
positive controls. For bacteria plates were incubated 37°C for 24 h and for fungi 28°C for 48 h. Add 50 pL of 0.01% w/v of
Resazurin in each well to observe the microbial activity. Plates were further incubated for 2 h, and the color change was
observed from blue to pink, which indicates microbial growth and determines MIC values.

Synergistic antimicrobial activity

Agar disc diffusion method was used to evaluation of synergistic effect of synthesized ZnONPs alone, antibiotics alone,
and ZnONPs plus antibiotics against selected microorganism. Antibiotics used in the study were penicillin (P), strepto-
mycin (S), tetracycline (TE), chloramphenicol (CH), and gentamicin (GEN).

Synergistic effect of ZnONPs with all antibiotics was evaluated by using agar disc diffusion method (Rakholiya and
Chanda, 2012). 20 mL of molten brain heart infusion agar inoculated with 200 pL test culture containing 1 x 10® cfu/mL
in Petri plates. Plates were allowed to solidify. 20 pL of ZnONPs (5 mg/mL) dissolved in DMSO was added to the standard
antibiotics paper discs and sterile paper discs (for control) and allowed to saturate for 30 min. The saturated discs were
placed on the surface of the Muller-Hinton agar plates, which had earlier been inoculated with test microorganisms. All
plates were incubated for 24 at 37°C for bacteria Results were observed by determining the zone of inhibition appearing
around the discs.

Increase in fold area

Increase in fold area (IFA) was calculated by using the formula:
(B2 — A% /A?

Where, B, zone of inhibition ZnONPs + antibiotics and A, zone of inhibition of antibiotics.

Determination of 2, 2-diphenyl-1-picrylhydrazyl radical scavenging activity
The free radical scavenging activity of ZnONPs was measured by using DPPH by the modified method of (McCune and
Johns, 2002). The reaction mixture consists of a 1.0 mL methanol, 1.0 mL of different concentrations of ZnONPs, and
1.0 mL DPPH (0.3 mM). Reaction mixture was incubated in dark condition for 10 min, and the absorbance was measured
at 517 nm. Ascorbic acid was used as standard. Percentage of inhibition was determined using the formula: % Inhibition =
[1—(A/B)] x 100.

Where, A is OD of the sample, B is the OD of the blank.

Photocatalytic activity

The photocatalytic activity of ZnONPs was detected under UV-irradiation and sun light in terms of degradation of dye.
Mercury lamp with 300 W high-pressure (wavelength 365 nm) was used as source of UV-irradiation (Desai et al., 2021)
and sun light also. Photoreactor cell was filled with methylene blue, Malachite green, methyl red (100 mM) solution, and
subsequently ZnONPs (10 mg) were then dispersed in the solution. The dispersion was kept in dark conditions for the
establishing adsorption—desorption equilibrium. UV-vis spectrophotometer (UV-1601 pc Shimadzu) was used to monitor
the dye concentration after an irradiation for fixed time intervals (Tripathi et al., 2014). In order to check the photocatalytic
activity, ZnONPs were collected by centrifugation and supernatant were used for determination of photocatalytic activity.

Results and discussion
Synthesis of ZnONPs

Synthesis of ZnONPs was carried out by addition of zinc nitrate to P. perlatum extract, reaction mixture turned to deep
yellow color paste. The paste was further heated in a Muffle Furnace at 400°C for 2 h. A light yellow color powder of
ZnONPs obtained indicated formation of ZnONPs (Fig. 10.1).
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FIGURE 10.1 Synthesis of ZnONPs using P. perlatum extract.

Characterization of ZnONPs

UV-vis spectroscopy

The UV-Vis spectrum of synthesized ZnONPs is given in Fig. 10.2. The ZnONPs showed their characteristic absorption
maxima between 350 and 370 nm. The maximum and narrow absorption peaks were observed at 368 nm. Lu et al. (2019)
reported green synthesis of ZnONPs by Codonopsis lanceolate root extract, and synthesized ZnONPs shows maximum
absorption peak at 356 nm which is due to surface plasmon resonance.

Fourier transform infrared spectroscopy

FTIR spectrum of synthesized ZnONPs was determined in the region of 500—4000 cm ™' is given in Fig. 10.3. FTIR
spectra of synthesized ZnONPs showed intense peak at 3541.42, 2345.52, 1427.37, 1365.65, 1180.47, 979.87, 879.57,
802.41, 732.97, 686.68, 532.37, 493.79, 447.50, and 408.92 cm~ ! The absorption band at 3541.42 cm 'relates to O—H
stretching of alcohol or phenol group. The absorption band at 1427.37 cm ™' and 1365.65 cm ™ 'relates to vibrations of
O—H stretching ofcarboxylic acid of proteins and C—H stretching of alkynes, respectively. The absorption band at 979.87
and 879.57 cm ™ 'relates to C=C stretching of alkene. The peaks at 532.37 and 447.50 cm ™ 'relate to ZnONPs formation.
Vasantharaj et al. (2021) reported that different functional groups of Ruellia tuberosa extract was responsible for the
capping, reduction and formation of ZnONPs. Qualitative phytochemical analysis of P. perlatum revealed presence of
different phytochemicals like flavonoids, saponins, cardiac glycoside, and triterpenes, tannins, etc (Table 10.1). FTIR
spectrum suggested that ZnONPs synthesized using P. perlatum extract are capped by various phytochemicals, which act
as stabilizing and reducing agents for nanoparticles.
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FIGURE 10.2 UV-visible spectroscopy of ZnONPs.
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FIGURE 10.3 Fourier transform infrared (FTIR) spectrum of ZnONPs.

TABLE 10.1 Qualitative phytochemical analysis of dried powder of P. perlatum.

No. Test P. perlatum
1. Flavonoids -

2. Triterpenes AFArF

3 Tannins AFAF

4. Saponins Sais

5. Cardiac glycoside FrFr

6. Phlobatanins =

Transmission electron microscopy analysis

The size and shape of the ZnONPs characterized by TEM analysis are given in Fig. 10.4. The TEM image showed the size
of ZnONPs between the 40—70 nm, and average size of nanoparticle was 51.21 nm. Shape of synthesized ZnONPs was
spherical and irregular. Fowsiya et al. (2016) reported ZnONPs synthesized using Carissa edulis extracts, which revealed
the size of ZnONPs ranging from 50 to 55 nm.

Biological activity zinc oxide nanoparticles

Determination of minimum inhibitory concentration

The synthesized ZnONPs were tested for antimicrobial activity at various concentrations (10—0.019 mg/mL) against
selected microorganisms. The MIC values are given in Fig. 10.5. All four Gram-positive bacteria were inhibited by
ZnONPs but higher MIC values. S. aureus was the most susceptible bacterial pathogen (MIC: 5 mg/mL). ZnONPs inhibit
all four Gram-negative bacteria at lower MIC values as compared to Gram-positive bacteria. ZnONPs inhibit E. coli at
lower MIC values 0.156 mg/mL. ZnONPs showed good antimicrobial activity against fungi at lower MIC vales as
compared bacteria.

The MIC values of ZnONPs for C. albicans, C. glabrata, and C. neoformans were 0.156 mg/mL. The results show that
ZnONPs showed strong antimicrobial effect against Gram-negative bacteria and fungi. In this study, ZnONPs showed
strong antimicrobial effect against fungi when compared with bacteria. Among the bacteria, a higher antimicrobial activity
was observed in Gram-negative bacteria when compared with Gram-positive bacteria.
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10.4 Transmission electron microscopy (TEM) image of ZnONPs.
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FIGURE 10.5 Minimum inhibitory concentration (MIC) values (mg/mL) of ZnONPs.

Similarly, zinc oxide nanoparticles synthesized using Cassia fistula and Melia azedarach showed significant anti-
bacterial activity against Staphylococcus aureus and Escherichia coli (Naseer et al., 2020). Vijayakumar et al. (2017) also
reported green synthesis of ZnONPs using aqueous leaf extracts of Plectranthus barbatus, and antibacterial results shows
that ZnONPs exhibited good antibacterial activity against B. subtilis, V. parahaemolyticus, and P. vulgaris. Azizi et al.
(2016) reported green synthesis of ZnONPs using Citrullus colocynthis extracts and evaluated antimicrobial activity,
results show that ZnONPs inhibited the growth of pathogenic bacteria like Peseudomonas aeruginosa, Bacillus subtilis,
Staphylococcus aureus, and Escherichia coli. So, results suggested that use of P. perlatum synthesized ZnONPs can be
more economic against pathogenic microorganisms. This is might be due to ZnONPs high surface to volume ratio and
small size to interact with cell wall of microorganisms and exhibited inhibitory effect.

Synergistic antimicrobial activity of ZnONPs and antibiotics

Synergistic antimicrobial activity of ZnONPs and antibiotics (penicillin (P), streptomycin (S), tetracycline (TE), chlor-
amphenicol (CH), and gentamicin (GEN)) is shown in Tables 10.2 and 10.3. Synergistic antibacterial activity of ZnONPs
and antibiotics alone and their mixture evaluated against B. cereus, S. epidermidis, B. subtilis, S. aureus, E. coil, K.
pneumonia, S. marcescens, and Klebsiella sp., and increase in fold area was calculated.

Synergistic activity, i.e., increase in fold area of synthesized ZnONPs with antibiotics against Gram-positive bacteria, is
given in Table 10.2. It was observed that S had the highest increase in fold area 1.25 against B. subtilis. P, TE, CH, and
GEN had the highest increase in fold area 0.89, 0.56, 0.32, and 1.04 against S. epidermidis, S. aureus, S. epidermidis, and
S. epidermidis respectively. Among all the five antibiotics tested, ZnONPs plus GEN antibiotics showed more synergistic
activity than antibiotics alone against all for Gram-positive bacteria.



TABLE 10.2 Synergistic activity of ZnONPs with different commercial antibiotics against gram positive bacteria.

Antibiotic
P

S

TE

CH

GEN

AB
(@)
15
10
22
25

22

B. subtilis

AB + ZnONPs(b)
18
15
25
26

26

IFA

0.44
1.25
0.29
0.08

0.39

AB
(@)
10
10
18
20

18

B. cereus

AB + ZnONPs(b)
10
11
21
22

21

IFA
0
0.21
0.36
0.21

0.36

AB
(@)
8
9
18
20

14

S. epidermidis

AB + ZnONPs(b)
11
11
20
23

20

IFA

0.89
0.49
0.23
0.32

1.04

AB
(@)
9

15
20
10

20

S. aureus

AB 4+ ZnONPs(b)
10
15
25
10

25

IFA
0.23
0
0.56
0

0.56

A, antibiotic; IFA, increase in fold area. Increase in fold area was calculated as (b> — a?) /4%, where, a, the inhibition zones for antibiotics, b, the inhibition zones for antibiotics + ZnONPs respectively. All

values are express in mm.

Antibiotics: Penicillin (P), Streptomycin (S), Tetracycline (TE), Chloramphenicol (CH), Gentamicin (GEN).
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TABLE 10.3 Synergistic activity of ZnONPs with different commercial antibiotics against gram-negative bacteria.

Antibiotic
P

S

TE

CH

GEN

AB
(a)
12
11
16
21

11

E. coli

AB + ZnONPs(b)
13
15
19
26

8

IFA
0.17
0.8
0.41
0.53

0.89

AB
(a)
24
7

10
16

10

K. pneumoniae

AB + ZnONPs(b)
26

7

12

17

10

IFA
0.17

0.44
0.12
0

AB
(a)

10
9

S. marcescens

AB + ZnONPs(b)

IFA

0.89
0.26
1.25

0.77

AB
(a)
17
16
23
30

26

Klebsiella sp.

AB + ZnONPs(b)

17
16
25
30
26

IFA

AB, antibiotic; IFA, increase in fold area. Increase in fold area was calculated as (b?> — a?) /4%, where, a, the inhibition zones for antibiotics; b, the inhibition zones for antibiotics + ZnONPs respectively. All

values are express in mm.

Antibiotics: Penicillin (P), streptomycin (S), tetracycline (TE), chloramphenicol (CH), and gentamicin (GEN).
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Synergistic activity increase in fold area of synthesized ZnONPs with antibiotics against Gram-negative bacteria is
given in Table 10.3. It was observed that Sand GEN had the highest increase in fold area 0.89 against S. marcescens and E.
coil, respectively. P, TE, and CH had the highest increase in fold area 0.17, 0.44, and 0.53 against E. coil, K. pneumonia,
and E. coil, respectively. Among all the five antibiotics tested, ZnONPs plus TE antibiotics showed more synergistic
activity than antibiotics alone against all for Gram-negative bacteria. So our results show that ZnONPs combination with
antibiotics exhibited enhance antimicrobial activity as compared to alone.

Reyes-Torres et al., (2019) reported synergistic effect of ZnONPs with antibiotics ampicillin against E. coli, E. faecalis,
P. aeruginosa, and S. aureus and results shows that combination of the antibiotic with ZnONPs showed six-fold decrease
for the strains of E. coli, E. faecalis and S. aureus, whereas that for P. aeruginosa a three-fold antimicrobial reduction
activity was observed. Abo-Shama et al. (2020) reported synergistic effect of ZnONPs with antibiotics (azithromycin,
oxytetracycline, cefuroxime, cefotaxime, fosfomycin, and oxacillin) against E. coli was significantly increased compared to
antibiotic only. Ghosh et al. (2012) reported green synthesis of nanoparticles by using Dioscorea bulbifera tuber extract
and also evaluated synergistic antimicrobial activity of nanoparticles combination with various antibiotics, results sug-
gested that nanoparticles combination with antibiotic streptomycin showed highest 11.8-fold higher in zone diameter
against E. coli. Several mechanisms proposed by different researcher for antimicrobial activity of ZnONPs like, hydrogen
peroxide formation from ZnO surface, ROS and free radical generation, and electrostatic attraction of ZnONPs to bacteria
damage to cell membrane leading to leakage of intracellular content (Agarwal et al., 2018).

DPPH radical scavenging activity

DPPH radical activity of ZnONPs is given in Fig. 10.6. DPPH antioxidant activity was measured by calculating ICs( value.
The ICsq value is defined is the amount of sample required for 50% scavenging of the free radicals. So, lower ICs, value
indicates good antioxidant activity. Synthesized ZnONPs also show good antioxidant activity with ICsy value 666 pg/mL.
Antioxidant activity of ZnONPs may be due to presences of phytochemical like phenol that have tendency to donate the H
ion (Prabu et al., 2019; Bharathi and Bhuvaneshwari, 2019). Similarly, Ravichandran et al. (2020) also reported synthesis
of ZnONPs from Durian waste, and results show that ZnONPs exhibited good DPPH radical scavenging activity (ICsg
value-6.39 mg/mL). Murali et al. (2017) also reported good dose dependent DPPH free radical scavenging activity of
biosynthesized zinc oxide nanoparticles from Ceropegia candelabrum L.

Photocatalytic activity

Photocatalytic activity of ZnONPs was observed under irradiation of sun light and UV light at different time intervals 30,
60, and 90 min (Figs. 10.7—10.12). Dye degradation was identified by decolorization, and the corresponding absorbance
was recorded using a UV-vis spectrophotometer. The results from the absorbance of dye degradation reveal that there is no
shift of absorption peak of dye. Obviously, the major absorption peak of methylene blue, Malachite green, and Congo red
is located at 668, 620, and 490 nm, which clearly decreases in intensity with increasing irradiation time. All the three dyes
showed significant reduction in absorbance at 90 min time interval. Figs. 10.13—10.15 showed the plot of contact time of
ZnONPs with dyes verses the absorbance of methylene blue, Malachite green, and Congo red, respectively. It has been
observed the ZnONps were shown highest degradation of methylene blue under the influence of sun light/UV light with
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FIGURE 10.6 2, 2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of ZnONPs.
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FIGURE 10.10 Photocatalytic degradation of Malachite green dye under UV light.
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FIGURE 10.13 Photocatalytic degradation of methylene blue dye under sun/UV light with contact time ZnONPs.
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respect to other two dyes. The photocatalytic activity of ZnONPs usually due to a zinc interstitials and high concentration
of oxygen vacancies (Tripathi et al., 2014). These results indicate that ZnONPs have exclusive properties of photocatalytic
activity for degradation of the methylene blue.

Conclusions

The present study involved the determination of antimicrobial, antioxidant, and photocatalytic activity of ZnONPs syn-
thesized from Parmotrema perlatum. Aqueous extract was used for synthesis of ZnONPs; size of nanoparticles was in
range of 40—70 nm. ZnONPs shows good antimicrobial activity against pathogenic microorganism with lower MIC values
and good DPPH-free radical antioxidant activity. ZnONPs exhibited better synergistic antimicrobial activity combination
with antibiotics as compared to ZnONPs alone. ZnONPs showed good the photocatalytic degradation of methylene blue
dye under UV light. P. perlatum synthesized ZnONPs can be use as potential antimicrobial, antioxidant and photocatalytic
agent.
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Introduction

In this chapter, we provide a brief overview of the current research worldwide on the use of microorganisms such as
bacteria and actinomycetes (both prokaryotes), as well as algae, yeast, and fungi (eukaryotes) in the biosynthesis of metal
nanoparticles and their applications. The present review focuses furthermore specifically on the bacteria-mediated synthesis
of AgNPs, their mechanism, and their characterizations. Also, studies have shown that the size, morphology, stability, and
properties (chemical and physical) of the metal nanoparticles are influenced strongly by the experimental conditions, the
kinetics of interaction of metal ions with reducing agents, and the adsorption processes of stabilizing agents with metal
nanoparticles. Hence, the design of a synthesis method in which the size, morphology, stability, and properties are
controlled has become a major field of interest. Subsequently, this chapter focuses on the fundamentals, advantages, and
disadvantages of each synthesis method are discussed with much consideration toward silver nanoparticles (SNPs).

In the recent scenario, soil microorganisms have adapted to the environment in such a way that other organisms have
partially clogged showing antagonism against them, especially bacteria. Thus, an artificial approach is needed for the
synthesis of metabolites/particles to inhibit this Multi-Drug Resistant (MDR) bacteria and fungi. Nanotechnology is one
such multidisciplinary branch of science that has the prospect to create an impact on this clinical disease-causing or-
ganism. This field plays an increasingly crucial role in many key technologies of the new millennium (Mandal et al.,
2006) Nanomaterials may provide solutions to technological and environmental challenges in the areas of solar energy
conversion, catalysis, medicine, and water treatment (Sharma et al., 2009). These materials often show unique and
considerably changed physical, chemical, and biological properties compared to their macro-scaled counterparts. The
noble metals, especially silver, and gold, have attracted great attention due to their innumerable applications in various
branches of science, namely catalysis, photonics, photography, chemical sensing, Surface Enhanced Raman Scattering
(SERS), and most importantly, in the medicinal field as antimicrobial agents (Sarkar et al., 2007). Colloidal silver is of
particular interest because of its distinctive properties, such as good conductivity, chemical stability, and catalytic and
antibacterial activity.

Nevertheless, over the past few years, it has been demonstrated that the utilization of biological organisms has been
emerging as a novel method for the synthesis of metal nanoparticles, which can be preferred over the existing chemical and
physical methods. It is well known that many organisms can provide inorganic materials either intra or extracellularly
(Brasier et al., 1990; Mann, 1990). For example, unicellular organisms such as magnetotactic bacteria produce magnetite
nanoparticles (Lovely et al., 1987; Spring et al., 1995; Dickson et al., 1999) and diatoms synthesize siliceous materials
(Oliver et al., 1995; Kroger et al., 1999). Multicellular organisms produce hard inorganic—organic composite materials
such as bones, shells, and spicules using inorganic materials to build a complex structure (Lowenstam, 1981). Thus,
nanomaterials are being actively synthesized and researched for specific functions such as microbial growth inhibition, as
carriers of antibiotics, and as killing agents by utilizing culture filtrates/supernatant or biomass of the organisms.

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00023-X
Copyright © 2024 Elsevier Inc. All rights reserved. 155
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Bacteria in nanoparticle synthesis

Among the microorganisms, bacteria have received the most attention in the area of biosynthesis of nanoparticles. The first
synthesis of Ag nanoparticles by bacteria was reported by Joerger et al. (2000) used Pseudomonos stutzeri AG259 to
synthesize Ag nanoparticles with a size of less than 200 nm. Bacteria were grown on Lennox L (LB) agar substrate,
containing 50 mmol/L AgNOj3, at 30°C for 48 h in the dark. In 2008, the biosynthesis of silver nanocrystals by Bacillus
licheniformis was studied (Kalimuthu et al., 2008). Aqueous silver ions were reduced to silver nanoparticles when added to
the biomass of B. licheniformis. This was indicated by the change in color from whitish-yellow to brown. The use of
diverse organisms involved in the formation of various metal nanoparticles has been depicted in Fig. 11.1 and Table 11.1.

Actinomycetes in nanoparticle synthesis

Actinomycetes, which are gram-positive filamentous bacteria, produce a lot of other secondary metabolites or compounds
which are exploited for nanoparticle fabrication processes. The monodispersity of the silver/gold nanoparticles produced
either intra or extracellularly by the different methodologies was not very high and far inferior to that obtained through
conventional methods. Moreover, by chance then by design, it was observed that alkalothermophilic (extremophilic)
actinomycete, Thermomonospora sp., when exposed to gold ions, reduces the metal ions extracellularly, yielding gold
nanoparticles with much polydispersity (Ahmad et al., 2003a,b). A complete reduction of the 10> M aqueous HAuCl
solution at pH 9.0 and 50°C resulted in spherical and reasonably monodisperse nanoparticles. In contrast, intracellular
synthesis of gold nanoparticles occurred in alkalotolerant actinomycete Rhodococcus sp., where particles are more
concentrated on the cytoplasmic membrane than on the cell wall (Ahmad et al., 2003a,b). Also, the cell-free supernatant of
Streptomyces cyaneusstrainAlex-SK121 isolated from sediment samples collected in Egypt was found to reduce Ag "™ ions
to AgNPs by gamma irradiation process (El-Batal et al., 2014) (Figs. 11.2 and 11.3).

Fungi as a mediator in nanoparticle synthesis

The use of fungi in the synthesis of nanoparticles is a relatively recent addition to the list of microorganisms. The use of
fungi is potentially exciting since they secrete large amounts of enzymes and are simpler to deal with in the laboratory (He
et al., 2008; Hong et al., 2009; Mukherjee et al., 2001). Using the fungus Verticilliam, a novel biological method for the
synthesis of silver nanoparticles was reported in 2001. Contact of Ag™ ions to this fungal biomass resulted in the intra-
cellular fabrication of metal ions and the formation of silver nanoparticles in the range of 25 + 12 nm (Mukherjee et al.,
2001). In another study, quite surprisingly, the plant pathogenic fungal strain Fusarium oxysporum behaved considerably
differently indicating the reduction of the metal ions which occurred extracellularly, resulting in the rapid formation of
highly stable gold and silver nanoparticles of 2—50 nm dimensions (Mukherjee et al., 2002; Ahmad et al., 2003a,b).
Moreover, the aqueous extract of the fungal biomass can reduce gold and silver ions to their corresponding nanoparticles.
Most probably, the probable mechanism could be due to the reduction of the AuCI*~ and Ag" ions due to the reductases
released by the fungus into the solution, thus opening up a novel fungal/enzyme-based in vitro approach to nanomaterials.
However, Sanghi and Verma reported efficient, simple, and environment-friendly biosynthesis of gold nanoparticles
(GNPs) mediated by pH-dependent fungal proteins of Coriolus versicolor intracellularly (Sanghi et al., 2010).

BACTERIA

PLANT EXTRACTS ACTINOMYCETES

YRASY FUNGI

FIGURE 11.1 Different organisms involved in nanoparticle synthesis/fabrication process.
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TABLE 11.1 Synthesis of nanoparticles by different biological entities.

Biological entity
Bacteria
Bacillus licheniformis

Klebsiella pneumonia
Escherichia coli
Enterobacter cloacae

Pseudomonas stutzeri
AG259

Klebsiella aerogenes
Staphylococcus aureus
Actinomycetes
Thermomonospora sp.
Rhodococcus
Streptomyces cyaneus
Fungi

Fusarium oxysporum

Aspergillus fumigatus
Verticillium
Aspergillus flavus

Cladosporium
cladosporioides

Penicillium fellutanum
Coriolus versicolor
Yeast

Candida glabrata

Torulopsis sp.

Schizosaccharomyces
pombe

MKY3

Plant extracts

Alfalfa Sprouts
Pelargonium graveolens

Azadirachta indica
(Neem)

Jatropha curcas (latex)

Aloe vera

Nature of
nanoparticle

Ag

*

Ag

Cadmium sulfide

*

Au
Ag

Ag

Ag

Au

Cadmium sulfide

Lead sulfide

Cadmium sulfide

Ag

Intracellular/
extracellular

Extracellular

*

Periplasmic

Cell surface

Extracellular

Extracellular
Intracellular

Extracellular

Extracellular
Extracellular
Extracellular

Extracellular

Intracellular

*

Extracellular

Intracellular

Intracellular

Intracellular

Intracellular

Extracellular

=
Extracellular
Extracellular
=

Extracellular

Size range

50 nm

28.2—122 nm
(52.5 nm)

28.2—122 nm
(52.5 nm)

28.2—122 nm
(52.5 nm)

<200 nm

20—200 nm
120—180 nm

20—50 nm
2—5nm
5—15 nm

5—25nm

25+ 12 nm
8.92 £ 1.61 nm
10—100 nm

5—25nm

*

2—5nm

1—1.5nm

2—5nm

2—20 nm
16—40 nm
5—35 nm

20—40 nm
15.2 £ 4.2 nm

Name and date

Kalimuthu et al. (2008)
Shahverdi et al. (2007)

Shahverdi et al. (2007)

Shahverdi et al. (2007)

Joerger et al. (2000)

Sweeney et al. (2004)
Nanda and Saravanan (2009)

Ahmad et al. (2003a)
Ahmad et al. (2003c¢)
El-Batal et al. (2014)

Gardea-Torresdey et al. (2003)
Ahmad et al. (2003a)

Bhainsa and D’souza (2006)
Mukherjee et al. (2001)
Vigneshwaran et al. (2007)
Balaji et al. (2009)

Kathiresan et al. (2009)
Sanghi and Verma (2010)

Reese and Winge (1988)
Dameron et al. (1989)

Reese and Winge (1988)
Mukherjee et al. (2001)

Kowshik et al. (2002)

Gardea-Torresdey et al. (2002)
Shankar et al. (2003)
Ahmad et al. (2002)

Bar et al. (2009)
Chandran et al. (2006)

Continued
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TABLE 11.1 Synthesis of nanoparticles by different biological entities.—cont'd

Nature of Intracellular/
Biological entity nanoparticle extracellular Size range Name and date
Cinnamomum & Extracellular 55—80 nm Huang et al. (2007)
camphora
Cassia auriculata * Extracellular 20—40 nm Sundaravadivelan and Padmanab-
han (2014)
Capsicum annuum Ag * 10—12 Li et al. (2007)
Diospyros kaki Au/Ag * 2—12 nm Song et al. (2008)

*Information not available.

BIOLOGICAL METHODS

i

PHYSICAL METHODS CHEMICAL METHODS I

FIGURE 11.2 Schematic representation of different methodologies to synthesis nanoparticles.

BIOLOGICALMETHODS

PHYSICAL METHODS CHEMICAL METHODS

Pliysical vapour condensation
(PVC)

Chemical reduction

Photochemical irradiation
Are-discharge Method
Electrochemical methods

(electrolysis)
Pulsarlaser deposition Pyrolysis
Mechanical ball milling method Microoven methods

Mechano-chemical synthesis Solvoiliermal process

Sonication method

FIGURE 11.3 Divergent strategies used in the synthesis of nanoparticles.

Yeast in nanoparticle synthesis

It has long been recognized that among eukaryotes, yeasts are explored mostly in the biosynthesis of semiconductor
nanoparticles. However, very few if any, reports exist about the yeast-mediated synthesis of metallic nanoparticles. In an
individual report, silver nanoparticles in the size range of 2—5 nm were synthesized extracellularly by a silver-tolerant
yeast strain MKY3, when challenged with 1 mmol/L soluble silver in the log phase of growth was demonstrated (Kow-
shik et al., 2002). However, in another investigation, contact of Candida glabrata to Cd*" ions leads to the intracellular
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formation of CdS quantum dots. The synthesis of particles is activated in the presence of cadmium ions (Reese et al., 1988;
Dameron et al., 1989).

Plant extracts in nanoparticle synthesis

A number of plant extracts are being currently investigated for their role in the synthesis of nanoparticles. These plant
resources have been successfully applied for silver nanoparticle synthesis, due to their potential medicinal property, huge
availability, and the possibility of a faster rate of synthesis and may also reduce the steps in downstream processing,
thereby making the process cost-efficient. Gold nanoparticles with a size range of 2—20 nm have been synthesized using
live alfa plants (Gardea-Torresdey et al., 2002). Shankar et al. reported on the use of Geranium (Pelargonium graveolens)
leaf extract in the extracellular synthesis of silver nanoparticles (Shankar et al., 2003). On treating aqueous silver nitrate
solution with geranium leaf extract, rapid reduction of the silver ions was observed leading to the formation of highly
stable, crystalline silver nanoparticles in the solution. In 2009, silver nanoparticles were successfully synthesized from
AgNOj through a simple green route using the latex of Jatropha curcas as a reducing and capping agent (Bar et al., 2009).
Crude latex was obtained by cutting the green stems of Jatropha curcas plants. The mixture was heated at 85°C with
constant stirring for 4 h in an oil bath and silver nanoparticles were obtained gradually. The plant leaf extracts of Capsicum
annuum (Li et al., 2007), Diopyros kaki (Song et al., 2008), Chenopodium album (Dwivedi et al., 2010), Acalypha indica
(Krishnaraj et al., 2010). Garcinia mangostana (Krishnaraj et al., 2010), Myrica esculent (Phanjom et al., 2012), Geranium
sp (Shankar et al., 2004), Magnolia Kobus (Shankar et al., 2004), Coriandrum sp.

Narayanan et al. (2008) have been effectively used for silver nanoparticle synthesis and analyzed its antimicrobial
activity against various pathogenic organisms. Thus, subsequently, the advantage of using plants for the synthesis of
nanoparticles is that they are easily available, safe to handle, and possess a broad variability of metabolites that may aid in
the reduction process.

Synthesis methods of silver nanoparticles

Metallic nanoparticles are of great interest due to their excellent physical and chemical properties, such as high surface-to-
volume ratio and high heat transfer (thermal conductivity).

Traditionally, nanoparticles are prepared and stabilized by physical and chemical methods. The most widely used
chemical approaches include chemical reduction, physical methods, and biological methods.

Nanoparticles can be produced using many divergent techniques, typically classified as bottom-up or chemical methods
and top-down or physical methods. In the bottom-up approach, the structure of nanoparticles is constructed by atoms,
molecules, or clusters. The bottom-up approach is a process that builds toward larger and more complex systems by
starting at the molecular level and maintaining precise control of the molecular structure. In top-down approaches, a bulk
piece of required material is reduced to nano-sized dimensions using cutting, grinding and etching techniques, i.e.,
nanomaterials are prepared from larger entities without atomic-level control (Rodgers et al., 2006). Biological or
biosynthesis techniques are also considered as bottom-up or chemical processes (Liu et al., 2003).

Chemical reduction

The most common approach for the synthesis of silver nanoparticles is a chemical reduction by organic and inorganic
reducing agents. In general, different reducing agents such as sodium citrate, ascorbate, sodium borohydride (NaBHy),
elemental hydrogen, polyol process, Tollens reagent, N, N-dimethylformamide (DMF), and poly (ethylene glycol)-block
copolymers are used for reduction of silver ions (Ag") in aqueous or nonaqueous solutions. Some of the chemical-reducing
reactions can be carried out at room temperature. However, most of them need elevated temperatures for a higher reaction
rate. In 2009, Janardhanan and colleagues synthesized silver nanoparticles by an aqueous chemical method with an organic
base and with no external capping agents (Janardhanan et al., 2009).

Photochemical irradiation

Silver nanoparticles (AgNPs) can be successfully synthesized by using a variety of irradiation methods. For example, laser
irradiation of an aqueous solution of Ag salt and surfactant can fabricate Ag NPs of well-defined shape and size distri-
bution. No reducing agent was required in this method. Silver nanoparticles having narrow size distribution were syn-
thesized in ethylene glycol—water mixtures without the use of a stabilizer. They used the pulse radiolysis method to
produce nanoparticles by silver perchlorate (Jacob et al., 2007).
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Electrochemical method

The electrolysis process has long been used for the reduction of metal ions. However, there are a few reports about using
this method in the synthesis of metal nanoparticles, especially silver, however, this could be classified in the synthesis of
Ag NPs. It is possible to control particle size by adjusting the electrolysis parameters and to improve the homogeneity of
silver nanoparticles by changing the composition of the electrolytic solutions. In one of the studies, monodisperse silver
nanospheroids 1—18 nm were synthesized by electrochemical reduction inside or outside zeolite crystals according to the
silver exchange degree of the compact zeolite film-modified electrodes (Zhang et al., 2002). Furthermore, spherical silver
nanoparticles 10—20 nm with narrow size distributions were conveniently synthesized in an aqueous solution by an
electrochemical method (Ma et al., 2004).

Pyrolysis

Another fascinating method of synthesizing Ag nanoparticles is spray pyrolysis. In 2009, nano silver powder with about
100 nm average grain size had been fabricated by spray pyrolysis, using AgNO3 solution, 336 mL/h flux of AgNO3 so-
lution, 0.32 MPa flux of carrier gas, and at 720°C furnace set temperature. In another work by Sawai and his coworkers
(2008) metal silver nanoparticles were deposited on the surface and in the pores of activated carbon by supercritical water
impregnation (SCWI). The aqueous feed solution was prepared by dissolving silver acetateAg (CH3COO) in distilled
water. All experiments were performed using batch-type reactor.

Micro-oven method

Microwave-assisted synthesis is a promising method for the synthesis of silver nanoparticles. It was reported that silver
nanoparticles could be synthesized by a microwave-assisted synthesis method employing carboxymethyl cellulose sodium
as a reducing and stabilizing agent previously. This heating method is especially important as its use provides increased
reaction kinetics, rapid initial heating, and, hence, enhanced reaction rates culminating in clean reaction products with rapid
consumption of starting materials and higher yields (Nadagouda et al., 2011). Additionally, starch has been employed as a
template and reducing agent for the synthesis of silver nanoparticles with an average size of 12 nm, using a microwave-
assisted synthetic method. Starch functions as a template, preventing the aggregation of the produced silver nanoparticles
(Sreeram et al., 2008).

Solvothermal process

Solvothermal synthesis, is a versatile low-temperature route in which polar solvents under pressure and at temperatures
above their boiling points are used. Under solvothermal conditions, the solubility of reactants increases significantly,
enabling reactions to take place at a lower temperature.

Sonication

The sonication method involves powerful ultrasound radiations (20 kHz—10 MHz) applied to molecules to enhance the
chemical reaction. Acoustic cavitation is a physical phenomenon that is responsible for the sonochemical reaction. This
method was initially proposed for the synthesis of iron nanoparticles and is nowadays used to synthesize different metals
and metal oxides (Khalil et al., 2004). The sonolysis technique involves passing sound waves of fixed frequency through a
slurry or solution of carefully selected metal complex precursors. Ultrasound power affects the occurring chemical changes
due to the cavitation phenomena involving the formation, growth, and collapse of bubbles in liquid (Pol et al., 2003). The
main advantages of the sonochemical method are its simplicity, operating conditions (ambient conditions), and easy control
of the size of nanoparticles by using precursors with different concentrations in the solution.

Mechano-chemical synthesis

In this process, a chemical reaction is induced by mechanical energy. The chemical forerunners are mostly a mixture of
chlorides, oxides, and/or metals that react during milling or subsequent heat treatment to produce a composite powder in
which ultrafine particles in stable salt matrixes are dispersed. These ultrafine particles are recovered by washing with a
suitable solvent from selective removal of the matrix. In one of the studies, copper nanoparticles were prepared using
SPEX 8000; the only contamination recorded was (2%) iron while for planetary ball mill under tempered steel as the
milling medium, with a milling time of about 240 h.
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Mechanical/ball milling method

Milling is a solid-state processing technique for the synthesis of nanoparticles. This technique was first used by Benjamin
et al. (1976) for the production of superalloys. In the milling process, the raw material of micron size is fed to undergo
several changes. Different types of mechanical mills are available which are commonly used for the synthesis of
nanoparticles.

Pulsar laser ablation/deposition method

The laser ablation method is a commonly used technique for the preparation of copper nanoparticles in the colloidal form
in a variety of solvents (Marine et al., 2000). Laser ablation is the process of removing material from a solid surface by
irradiating it with a laser beam. At low laser flux, the material is heated by absorbed laser energy and evaporates or
sublimates. At higher flux, the material is converted to plasma. The depth over which laser energy is absorbed and the
amount of material removed by a single laser pulse depends on the material’s optical properties and the laser wavelength.
Carbon nanotubes can be produced by this method.

Arc-discharge method

In 2008, a novel technique for preparing a nanosilver water suspension without surfactants and stabilizers was studied
using the arc-discharge method. Silver wires (99.99%) 1 mm in diameter submerged in deionized water (pH = 5.8,
conductivity = 0.8—0.9 uS) were used as electrodes. During the arc-discharge, the surface layer of the Ag wires evaporates
and condenses in the water. The transparent solution converts to a characteristic pale yellow color and then a silver
suspension is created (Tien et al., 2008).

Physical vapor condensation (PVC)

In order to fabricate nanoparticles, the vapourization method has been frequently used, in which the target materials are
vaporized by a heat source and then rapidly condensed. The vaporization process can be subdivided into physical and
chemical methods depending on whether the reaction is present. If the resultant nanoparticles have the same composition as
the target materials, they are prepared by physical vapor condensation (PVC). However, nanoparticles having a different
composition from the target are usually obtained by chemical vapor condensation (CVC), because the chemical reaction
occurs between the vapor and other system components during the vapourization and condensation (Tavakoli et al., 2007).

Mechanism of silver nanoparticle synthesis

Microbes encounter metals and metalloids of various kinds in the environment and attain certain genetic and biochemical
metal resistance mechanisms to survive (Deshpande et al., 1993). Some of these mechanisms are extracellular precipitation,
extracellular binding, and complexation, segregation into complex compounds by thiol-containing molecules, intracellular
deposition, alteration in solubility and toxicity by varying the redox state of the metal ion, cellular efflux pumping system,
and lack of a specific metal transport system (Das et al., 2010; Durdn et al., 2011). For most metals, establishing this
resistance and homeostasis involves combinations of the abovementioned mechanisms. Interestingly, P. Stutzeri AG259
exhibits intracellular accumulation of silver ions as AgNPs (Joerger et al., 2000). This can involve the reduction of metal
ions to elemental metal through cellular machinery. Though the mechanistic aspect of nanoparticle synthesis is still poorly
understood, various hypotheses have been proposed to elucidate the role of bacterial genes and proteins in the synthesis of
AgNPs.

Genetics of AgNPs can be premeditated by the accumulation of silver ions, which may occur in two stages:
(1) nonspecific and energy-independent attachment to the cell surface and (ii) intracellular accumulation A. baumannii
exhibits plasmid-mediated silver resistance rendering bacteria capable of accumulating silver and retaining it by tight
binding to a cysteine-rich metalloprotein (Shakibaei et al., 2003; Deshpande et al., 1993). Three major gene homologs,
namely silE, silP, and silS, of silver resistance machinery have been suggested to play a significant role in AgNPs pro-
duction (Parikh et al., 2008). Silver-binding gene homolog (silE) encodes a periplasmic silver-binding protein (silE)
responsible for silver uptake by presenting histidine sites for silver ion binding. On exposure to silver ions, silE-based
silver-binding machinery of bacteria gets activated leading to cellular uptake of silver ions. The ions are presented to
bacterial silver reduction machinery where biomolecules, generated by silver reduction machinery, bind to the ions and
reduce them to metallic silver nuclei or seed nanoparticles. These particles undergo growth and assembly to form AgNPs of
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Bacterialcell.- - - -

FIGURE 11.4 Proposed mechanism of bacteria-mediated synthesis of AgNPs. (A) Cellular uptake of silver ions and activation of silver reduction
machinery; (B) electron shuttle system involving various cofactors and enzymes; (C, D) intra or extracellular localization of AgNPs; (E) electrostatic
interaction between silver ions and cell wall components; and (F) reduction through extracellular enzymes and other organic molecules released in solution
(Ramanathan et al., 2011).

different shapes (spherical or plate-like) followed by their release from the cells via the cellular efflux system as shown in
Fig. 11.4 (Ramanathan et al., 2011). Alternatively, bacteria create an extracellular microenvironment during growth in
which silver-specific proteins from silver resistance machinery are released outside the cells. These proteins might reduce
silver ions subsequently forming stable extracellular AgNPs (Parikh et al., 2008). Further studies are required to decipher
the exact role of silP and silS genes in AgNPs production. The involvement of periplasmic c-type cytochrome (MacA) and
outer membrane c-type cytochrome (OmcF) in the surface reduction of Ag (I) to Ag (0) has been revealed through
knockout studies (Law et al., 2008). MacA was involved in electron transfer from the inner membrane to the periplasm,
while OmcF reduced extracellular electron acceptors. However, complete blockage of silver ion reduction in mutant strains
was not obtained, indicating the possibility of multiple electron transfer pathways to Ag (I), which should be investigated
further (Law et al., 2008).

Role of cell wall

The cell wall of bacteria also plays a major role in the biogenesis of nanoparticles owing to the involvement of cell wall
components and enzymes. The nucleation of clusters of silver ions during the initial phase of AgNP synthesis causes an
electrostatic interaction between the ions and negatively charged carboxylate groups of the cell wall (Li et al., 2012).
Trapped silver ions on the bacterial surface are thereby reduced by cellular reductases and other redox proteins released by
the cells to nanosilver form (Mahdieh et al., 2012; Debabov et al., 2013) as shown in Fig. 11.4. These nanoclusters can
remain diffused through the cell wall (Nair et al., 2002). The Slayer of bacteria physically masks the negatively charged
peptidoglycan sheet of the cell wall and, thus, can also be involved in bacteria-metal surface interaction (Namasivayam
et al., 2011). Another potential mechanism across the cell wall is conferred in bacteria with electrokinetic potential through
the generation of the transmembrane proton gradient. This gradient can indirectly drive the active symport of sodium along
with silver ions from the surroundings. ATP binding employs special silver-binding proteins attached to membrane lipids
on the external surface of bacteria, which attract the silver ions readily initiating AgNP synthesis (Namasivayam et al.,



Versatile strategies for multifaceted nanoparticle synthesis—An overview Chapter | 11 163

2011). Since AgNPs are produced both extra and intracellularly, the role of intracellular electron donor and membrane
transport system should be investigated for detailed elucidation of the mechanism of synthesis.

Enzymes and reducing agents

Silver reduction machinery involves an electron shuttle enzymatic silver reduction process. NADH generated during
bacterial glycolysis and electron transport chain via energy-generating reactions creates a cellular reducing environment,
due to hydrogen atoms, conducive for the synthesis of AgNPs (Jha et al., 2010). NADH-dependent enzymes, especially
nitrate reductase, have been implicated to play a significant role in AgNP synthesis (Kalimuthu et al., 2008). Nitrate ions of
AgNOj salt, induce nitrate reductase. The enzyme gains an electron from NADH and oxidizes it to NAD" and then
undergoes oxidation to reduce the silver ions to nanosilver (Fig. 11.4). Further, nitrate ions (NO3~) get converted to ni-
trogen dioxide (NO,), followed by nitrogen oxide (NO) and nitrous oxide (N,0O), and ultimately to gaseous nitrogen (N)
(Karthik et al., 2012). However, Gaidhani and her coworkers (Singh et al., 2013), reported the nitrate reductase-
independent synthesis of AgNP in Acinetobacter. Nitrogenase and hydrogenase classes of reducing enzymes, present in
cyanobacteria, can reduce silver ions to form nanosilver (Brayner et al., 2007). The concentration of the cellular nitro-
genase dictates the size of AgNPs, where a higher concentration in heterocysts leads to the rapid formation of larger shaped
AgNPs near the cell wall and the intermediate content forms small and unaggregated nanoparticle colloids (Brayner et al.,
2007). NfsA, an oxygen-in-sensitive nitroreductase present in Enterobacteriacae, has also been suggested to reduce AgNO3
to AgNPs (Shahverdi et al., 2007). High pH and partial pressure of gaseous H, are important factors in bacteria-mediated
AgNP production (Karthik et al., 2012). High pH catalyzes the opening of monosaccharide rings to open chain aldehyde
forms that, in the presence of silver ions, undergo oxidation to corresponding carboxylic acid simultaneously reducing
silver ions to AgNPs (Sintubin et al., 2009). High pH also activates reductases of oxidoreductase enzymes (Jha et al.,
2010). Besides this, glutathione and thioredoxin systems are significant to maintain the reducing conditions indirectly and
regulate the activity of enzymes (Jha et al., 2010). The reducing cofactors generated by the activity of various spore-
associated enzymes, like glucoseoxidase, alkaline phosphatase, laccase, and catalase, can stimulate the biogenesis of
AgNPs (Hosseini-Abari et al., 2013), also, Liu et al. speculated that to overcome metal stress, Gluconacetobacter xylinum
secretes chloride ions from the cytoplasm and generates reductases to bioreduce the silver ions to form Ag/AgCl nano-
particles as a byproduct (Liu et al., 2012).

Peptides

Peptides received major attention for the synthesis and stabilization of AgNPs after Naik and his associates demonstrated
the biogenic formation of AgNPs employing silver-binding peptides (Naik et al., 2002). Peptides interact with preformed
silver nanoclusters in solution and generate a reducing environment around them leading to the reduction of silver ions and
the formation of polydispersed AgNPs. Peptides containing amino acids like arginine, cysteine, lysine, methionine, glu-
tamic acid, and aspartic acid are involved in the recognition and reduction of silver ions to silver crystals (Nam et al.,
2008). Physiological conditions also play a significant role in dictating the metal-peptide interfacial interactions. For
example, tyrosine undergoes conversion to a semiquinone structure under alkaline conditions through ionization at the
phenol group, which reduces silver ions (Selvakannan et al., 2004). Tryptophan is converted to transient tryptophyl radical
at high pH, which donates electron to reduce silver ions (Si et al., 2007). Peptides with disulfide linkage can also be used
for peptide-coated AgNP synthesis (Graf et al., 2009).

Optimization of physicochemical parameters

Although biological methods are regarded as safe and biocompatible, it is difficult to control the morphology of nano-
particles (Shedbalkar et al., 2014). In chemical methods, only a single reducing agent is responsible for the reduction of metal
ions to nanoparticles, and hence, well-defined monodispersed nanoparticles are easy to obtain (Li et al., 2012). On the other
hand, several factors like enzymes, amino acids, media components, cofactors, etc. interact with metal ions differently,
thereby forming polydispersed nanoparticles in bacteria genic synthesis. However, in other studies, it has been shown that
the morphology of bacterial AgNPs can be controlled by regulating various other physicochemical parameters, such as
culture age, silver ion concentration, temperature, and incubation time, and it is possible to produce size-controlled AgNPs
through an appropriate combination of these factors (Singh et al., 2013). Various combinations of these parameters result in
the formation of large aggregated particles into smaller monodispersed spherical AgNPs. These factors also affect the yield
of AgNPs. Other factors that affect the morphology and productivity and synthesis of nanoparticles are inoculum size,
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FIGURE 11.5 Electron micrographs of bacterial AgNPs. (A) SEM image of extracellular AgNPs by Streptomyces hygroscopicus (Sadhasivam et al.,
2010), (B) FESEM micrograph of cuboid AgNPs produced by Stenotrophomonas maltophilia OS4 extracellularly (Oves et al., 2013), (C) TEM images of
AgNPs precipitated on the surface of Plectonemaboryanum UTEX 485, (D) intra and extra cellular synthesis of AgNPs by Bacillus sp., (E) intracellular
synthesis of triangular and hexagonal AgNPs by Pseudomonas stutzeri AG259 (Klaus et al., 1999), (F) spherical AgNPs in Anabaena cells (Brayner et al.,
2007), (G) extracellular spherical AgNPs synthesized by Acinetobacter calcoaceticus (Singh et al., 2013), and (H) silver nanoplates by Morganella
psychrotolerans (Ramanathan et al., 2011).

TABLE 11.2 A summary of characterization techniques for nanoparticles.

S.

No. Technique  Measures Sample Sensitivity

1 TEM Particle size and Required <1 pg sample. Down to 1T nm
characterization Solid on substrate

2 SEM Particle size and Conductive or sputter Down to 1T nm
characterization Coated

3 AFM Particle size and Air or liquid 1 nm—8 pm
characterization

4 PCS Average particle size and Very dilute suspension 1 nm—10 um
size distribution

5 XPS Solid Elements, functionalization 3—92 nm

ratio

6 XRD Average particle size for a Arger crystalline samples Down to T nm
bulk sample (>1 mg) required

7 FTIR Substituent groups Solid for ATR-IR or liquid 20 A—1 pm

8 RAMAN SP3 indicated by D mode Solid 0.2—10 um

9 UV-Vis Side wall functionalization Solution Scanned and visible regions are 200—400 and

400—800 nm, respectively

Abbreviations: AFM, atomic force microscopy; FTIR, Fourier transform infrared spectroscopy; PCS, photon correlation spectroscopy; SEM, scanning elec-
tron microscopy; TEM, transmission electron microscopy; UV, ultra-violet visible spectroscopy; XRD, X-ray diffraction; XPS, X-ray photoelectron
microscopy.
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nutrient medium, pH, enhancers, etc. Both single-factor optimization and statistical response-surface methodology have
been adopted to obtain size-controlled AgNPs and maximize synthesis yield (Deepak et al., 2011; El-Naggar et al., 2014).

Characterization techniques for nanoparticles

Preliminary detection of nanoparticle synthesis in a laboratory is usually done by visual observation for color change. The
reaction medium turns reddish-brown or brown during the synthesis of AgNPs (Shahverdi et al., 2007). Change of color
from purple to deep brown was observed for Au core-Ag shell nanoparticles at different molar ratios of AuCly and AgNO3
(Govindaraju et al., 2008). However, various analytical techniques such as UV-Vis spectroscopy (Shahverdi et al., 2007)
FTIR, energy-dispersive X-ray analysis (Singh et al., 2013), X-ray diffraction (Dhoondia et al., 2012), electron microscopy
(Klaus et al., 1999; Oves et al., 2013) atomic force microscopy (Sadhasivam et al., 2010), dynamic light scattering (Singh
et al., 2013) and zeta potential (Krishnaraj et al., 2013) are often used to determine the nature, surface properties,
composition, purity, stability, and morphology of any nanoparticles. Other techniques to characterize nanoparticles are
atomic absorption spectroscopy (Zhang et al., 2005), X-ray photoelectron spectroscopy (Paulkumar et al., 2013), neutron
activation analysis (Kiran et al., 2010), and thermogravimetric analysis (Shanmugasundaram et al., 2013). Some of the
electron micrographs of bacteria genic AgNPs are represented in Fig. 11.5. Similarly, the commonly used techniques for
characterizing nanoparticles are summarized in Table 11.2.

Concluding remarks and future prospects

Nanotechnology has a wide range of applications in the fields of biology, medicine, optical, electrical, mechanical, op-
toelectronics, etc. Silver nanoparticles have also been used for a number of applications such as nonlinear optics, spectrally
selective coating for solar energy absorption, bio labeling, and antibacterial activities. The antibacterial property of silver
nanoparticles against S. aureus, P. aeruginosa, and E. coli have been investigated (Rai et al., 2009). Silver nanoparticles
were found to be cytotoxic to E. coli. Thus, biological agents in the form of yeast, plants, and microbes have emerged as an
efficient candidates for the synthesis of nanoparticles. These biogenic nanoparticles are cost-efficient, simpler to synthesize
and focus on a greener approach. But the exact mechanism of synthesis of biogenic nanoparticles needs to be worked out.
Silver nanomaterials exhibit broad-spectrum biocide activity toward bacteria, fungi, viruses, and algae. This motivates its
use in several agricultural applications. However, if the amount of nano-scaled silver entering sewage becomes higher than
the tolerable levels for microbial communities in wastewater treatment plants, critical environmental infrastructure might
be having a great impact. Further, there is mounting evidence that silver nanoparticles exhibit an array of cytotoxic and
genotoxic effects in higher organisms. This raises concern about possible impacts on higher organisms including humans.
Although significant progress has been made to elucidate the mechanisms of silver nanomaterial toxicity, further research
is required to fully understand the processes involved and to safely exploit the tremendous antimicrobial properties of silver
without jeopardizing human health, critical infrastructure, and the environment. Future, in vivo and environmental studies,
should consider more systematically the various effects of aquatic chemistry on nano-scaled silver fate, transport, and
toxicity.
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Introduction

Nanotechnology encompasses the intersection of disciplines between the 1 and 100 nm size ranges. Numerous disciplines,
including chemistry, biology, physics, materials science, engineering, and medicine, have made use of this technique.
There are essentially two types of nanomaterials, those occur in nature and those are created in a laboratory. Synthetic
nanomaterials may be further split into four families: metal-based, carbon-based, dendrimers, and nanocomposites,
whereas natural nanomaterials include viruses, compounds in bone matrices (such as calcium phosphate crystals), and
corals. Nanosized metals including copper (Cu), iron (Fe), palladium (Pt), gold (Au), aluminum (Al), zinc (Zn), and silver
make up metal-based synthetic nanomaterials (Ag). Catalysts, sensor components, optical devices, and biological appli-
cations are just some of the many uses that may be found for metallic NPs because of their useful features. Carbon
nanomaterials include hollow spherical nanospheres like fullerenes, oblate nanorods like graphite, and cylindrical nano-
tubes. Batteries and very sensitive sensors have both been made possible because of the development of techniques for
manipulating nanomaterials (Abou El-Nour et al., 2010; Lou et al., 2017).

Bottom-up and top-down methods may be used to broadly classify the many routes to nanomaterial synthesis. The
bottom-up strategy involves putting together various components using chemical or biological processes. Bottom-up
synthesis is crucial in the production of nanostructures because it yields materials with a more consistent chemical
make-up. On the downside, this approach often introduces internal tension, which in turn raises the likelihood of surface
flaws and contaminations. The opposite process, known as top-down synthesis, involves dismantling larger objects into
more manageable components. This method facilitates large-scale manufacturing of nanomaterials, but it comes with some
serious drawbacks, including poor surface structures and potential significant crystallographic damage. If not carefully
managed, these constraints may have a significant impact on the physical characteristics and surface chemistry of nano-
materials, which in turn affects their intended uses (Thakkar et al., 2010).

Inorganic NPs may be synthesized using tried-and-true techniques including chemical and physical synthesis. To create
NPs, physical techniques use temperature and pressure, whereas chemical synthesis relies on chemical reagents (like
NaBH4) that function as reducing and stabilizing agents. Unfortunately, conventional synthesis techniques result in the
creation of hazardous by-products that pose a threat to both human health and the environment. The organic solvents
utilized in synthesis complicate subsequent nanoparticle extraction, which is a major roadblock for medicinal applications.
Such efforts are necessary for the production of CdS and noble metal nanoparticles (NMNPs) in the form of amphiphilic
colloids. However, when the nanoparticles are utilized as drug delivery vehicles, the inclusion of precursor components
(such as PVA) may consequence the damage to healthy cells. The effects of nanoparticles on cardiac and vascular
functions have been studied and need cautious evaluation.

Nanotechnology and In Silico Tools. https://doi.org/10.1016/B978-0-443-15457-7.00016-2
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Mother Nature, as is often said, has all the answers to all the issues that arise. In several scientific domains, sustain-
ability initiatives that use green chemistry to enhance and/or safeguard our planet’s ecosystem are currently taking center
stage. The usage of diverse biological entities has drawn a lot of attention in the field of nanobiotechnology instead of
utilizing hazardous chemicals to reduce and stabilize metallic nanoparticles. Among all noble metals, gold and gold
nanoparticles are precious, Scientists and engineers in the medical and pharmaceutical industries have shown a great deal
of interest in the green synthesis of metal nanoparticles, particularly gold nanoparticles (AuNPs). As a result, numerous
eco-friendly, energy- and money-saving procedures have been created. One billionth part, or 109, is denoted by the prefix
“nano,” which is used in science. The size range of metallic nanoparticles is 1—100 nm (Alanazi et al., 2010; Khan et al.,
2014). Metallic nanoparticles have been used in a variety of sectors, including synthetic biology, health care, cellular
transportation, food, and optical devices, because of their unique physical and chemical properties (Mohanpuria et al.,
2008). Gold nanoparticles (Au NPs) stand out from other nanoparticles due to their distinctive surface morphologies, stable
nature, and regulated geometry. A number of disorders can be identified, diagnosed, and treated using au NPs (Alvarez
et al., 2015).

Recently, a variety of techniques, including physical (sonication, laser ablation, and radiation), chemical (condensation,
sol-gel method, and reduction), and biological procedures, have been employed to create NPs. In (Fig. 12.1) Biosynthesis
of nanoparticles is a secure, dynamic, and energy-effective process (Hurtado et al., 2016; Sathishkumar et al., 2009). This
method employs a variety of biological resources ranging from prokaryotes to eukaryotes to produce NPs in vivo (Hurtado
et al., 2016). The proposed mechanism of Au,3 to metallic Au0 NP conversion by these bio reductants is emphasized in
(Fig. 12.2) (Aromal and Philip, 2012; Thakkar et al., 2010). These stem from the fact that conventional synthetic ap-
proaches frequently require the administration of toxic chemical entities during the production process, which may cause
harmful reactions in the environment and possibly in animal and human health; additionally, such unpleasant chemicals
may severely limit the application possibilities and biocompatibility of the generated particles (Wiley et al., 2005).

Green synthesis approach of AuNPs

Green synthesis is an easy and straightforward method for producing AuNPs. Producing the NPs does not need extreme
conditions like high temperatures or pressures. Creating nanoparticles extracellularly is the norm. The HAuCl4 (tetra-
chloroaurate) salt is the catalyst for manufacturing. After the ingredients are combined, they are agitated on a stirrer to
create the NPs. If the solution becomes a bright crimson or deep purple, then means the AuNPs were successfully created.
After this, the NPs are centrifuged and dried before being characterized and put to use (Abbasi et al., 2015).

Because of their various surface functions and distinctive surface plasmon resonance (SPR), AuNPs have been
researched more than any other noble metal NPs. Current civilization makes extensive use of AuNPs in a wide variety of
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contexts (such as heavy metal determination, optical sensing, and imaging catalysis). Furthermore, AuNPs may be mixed
with a wide variety of nano-biological assemblies to improve the performance of oligonucleotides, antibodies, and pro-
teins. The adaptability of AuNPs for modification is enhanced by the fact that their association with biomolecules changes
their SPR, conductivity, and redox activity. Here, we’ll talk about green synthesis, the process of making AuNPs by
biological means. As can be shown in Fig. 12.3, plant, fungal, bacterial, enzymes, and biopolymers are all green materials
that may operate as reducing agents.

The optimal control of the physicochemical features of AuNPs is essential for their biomedical applications, and these
properties are strongly influenced by variations in parameters and reaction environment. To achieve the desired properties
of AulNPs, several parameters (such as HAuCl4 concentration, green extract quantity, reaction duration, temperature, and
pH) must be properly analyzed. For instance, agglomeration causes the NPs to grow in size and become more irregular in
form when the concentrations of HAuCl4 and green extract are increased (Ghosh et al., 2008). To provide just one
example, increasing the Lantana camara linn leaf extract concentration from 100 mg/mL to 500 mg/mL caused the size of
the AuNPs to expand from 6 to 100 nm. The consequences of lengthening the response time or raising the temperature are
essentially the same (Yeh et al., 2012).
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FIGURE 12.3 Biomaterial used for green synthesis of gold nanoparticles AuNPs.
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Notably, the lowering ability of the green materials has a significant impact on the reaction time. The synthesis of
AuNPs by Garcinia mangostana peel extracts took just a few minutes, whereas the synthesis of AuNPs by Lantana camara
berry extract took 72 h. Increasing the temperature may shorten the response time, but it also causes NPs to aggregate
(Kumar et al., 2017; Lee et al., 2017).

Production of gold nanoparticles from green plants

Nanoparticles are created through a variety of physiochemical processes, all of which have a negative impact on the
environment. Plant-based nanoparticle synthesis is a simple process in which a metal salt is mixed with plant extract and
the reaction takes minutes to a few hours at normal room temperature. The metallic salt solution is reduced to nanoparticles
(Figs. 12.4 and 12.5) (Mittal et al., 2013). This trend of simplification has received a lot of attention in the last decade,
especially with gold nanoparticles (Au NPs), which are safer than other metallic NPs (Rai et al., 2008).

Moreover, their synthesis is quick, cost-effective, environmentally friendly, and easily scaled up. Tea’s antioxidant and
anticancer properties are widely thought to provide significant health benefits. Recently, tea leaf extracts were used in the
green synthesis of AuNPs. This review focuses on the use of phytochemicals found in plant extracts, as pure compounds,
and in various consumable foods to synthesize nanoparticles.

Nanomaterials in various fields ranging from oil and gas to cosmetics and nanomedicine have propelled the world into a
new era known as the nanotechnology era (Mokhatab et al., 2006; Mu and Sprando, 2010). Carbon nanotubes (CNTs),
gold nanoparticles, liposomes, and paramagnetic nanostructures are among the most studied nanostructures (Daniel and
Astruc, 2004; Jurgons et al., 2006; Liu et al., 2020; Park et al., 2004). Gold colloids are increasingly being used in fields
such as chemistry, biology, engineering, and medicine. They have numerous applications in biomedicine, including di-
agnostics, therapy, and immunology (Dykman and Khlebtsov, 2011).

Gold nanoparticles are an excellent material for research because they are one of the most stable, nontoxic, and simple
to synthesize nanoparticles and exhibit a variety of fascinating properties such as assembly of various types and quantum
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size effect (Daniel and Astruc, 2004). Gold nanoparticles have emerged as an excellent candidate for use in delivering
various payloads to their destination (Paciotti et al., 2006; Paciotti et al., 2008). These payloads range from small drug
molecules to large biomolecules such as DNA, RNA, and proteins. Table 12.1 shows that a variety of plant extracts were

employed in the production of AuNPs.

TABLE 12.1 Gold nanoparticles synthesized sustainably from plant extracts.

Plant species

Areca catechu

Acorus calamus

Aloe vera

Anacardium occidentale
Anacardium occidentale
Ananas comosus
Azadirachta indica
Camellia sinensis
Cinnamomum camphora
Dioscorea batatas
Emblica Officinalis
Punica granatum

Zingiber officinale

Part used
Nuts
Leaves
Leaves
Leaves
Qils

Fruit
Leaves
Leaves
Leaves
Rhizomes
Fruit

Fruit

Rhizome

Shape

Spherical

Spherical

Spherical

Spherical

Hexagonal

Tetrahedral

Planar

Irregular

Triangular and spherical
Diverse

Spherical

Triangular and spherical

Diverse

Size (nm) References

13.7 (Rajan et al., 2015)

<100 (Ganesan and Gurumallesh Prabu, 2019)
15.2 (Chandran et al., 2006)
6—17 (Sheny et al., 2011)

36 (Sheny et al., 2012)

16 (Bindhu and Umadevi, 2014)
3—45 (Shankar et al., 2004)

40 (Vilchis-Nestor et al., 2008)
55—80 (Huang et al., 2007)
18.48—6.18 (Sreekanth et al., 2015)

16.8 (Ankamwar et al., 2005)
5—-17 (Lokina et al., 2014)

5—15 (Ganesh Kumar et al., 2011)
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Production of gold nanoparticles from microorganisms

The use of harsh chemical conditions and organic solvents, as well as the production of toxic residues during the synthesis
and functionalization of NPs, are the main drawbacks of this synthetic approach. As a result, over the last 2 decades,
alternative (green/biological) methods for producing various types of NPs have been introduced and widely used (Kumari
et al., 2016; Salvadori et al., 2014).

Due to the obvious limitations and disadvantages of traditional physical or chemical methods of metal nanoparticle
synthesis, green chemical processes emerged as a new direction in the chemical industry about 2 decades ago (Ronavari
et al., 2018). Since then, these biologically inspired green syntheses have garnered a lot of attention as a promising way to
keep the economy going while also protecting the environment. Biological synthesis protocols provide a clean, highly
tenable, and environmentally friendly method for producing nanoparticles with diverse sizes, shapes, physical, chemical,
and biological properties and compositions. The formed nanoparticles have a significant advantage over conventionally
produced materials: they are more environmentally friendly than the materials covering their surface and are also naturally
formed, making them biocompatible. Several microorganisms, primarily bacteria and fungi, have recently been used to
produce various metal nanoparticles, including silver, gold, silver-gold alloy, iron, copper, zinc, palladium, and titanium
nanomaterials (Gade et al., 2014; Molnér et al., 2018). Although certain metals, such as silver, are well known for their
toxicity, some silver-resistant bacteria can accumulate metals on/in their cell wall. This phenomenon inspired the first
pioneering silver and gold nanoparticle synthesis using the silver-resistant bacterium Pseudomonas stutzeri. Several studies
have suggested that metal nanoparticles (NPs) such as silver and gold can be easily and quickly biosynthesized intra-
cellularly. Small, monodispersed gold nanoparticles, for example, were produced using Pseudomonas and Bacillus strains
(Gericke and Pinches, 2006a). This synthesis method was successfully extended by Nair et al. to produce silver, gold, and
silver-gold alloy nanoparticles (Hurtado et al., 2016). It was also proposed that the formation of nanoparticles using
specific yeast strains could have the greatest potential for nanoparticle manipulation, particularly in terms of controlling
culture parameters such as growth and other cellular activities (Gericke and Pinches, 2006b). In addition to the strains
mentioned above, Pseudomonas fluorescens, Geobacillus stearothermophilus, and Staphylococcus epidermidis have been
successfully used for the bioproduction of spherical gold nanoparticles ranging in size from 5 to 90 nm (Shukla and
Iravani, 2018). Filamentous fungi can produce a wide range of metal NPs, including gold (Anshup et al., 2005; Liu et al.,
2005; Nune et al., 2009), Silver, iron oxide (Ghosh et al., 2008), and even bimetallic nanoparticles (Giljohann et al., 2007)
have been discovered. In general, fungi-mediated NP synthesis is divided into two categories: in vivo and in vitro methods.
We were also interested in metal sorption by nucleic acids because the carbonyl groups of the nucleobases guanine and
thymine serve as binding sites for metal DNA complexes (Aich et al., 1999; Kunoh et al., 2018; Mandal and Sankar Nandi,
1978; Pneumatikkais et al., 1978). Most previous methods for producing AuNPs from biomolecules required electron
beam irradiation or the use of reducing agents to reduce Au cations (Vo et al., 2014).

Stabilization and functionality of AuNPs

Metal nanoparticles are an extremely intriguing class of materials due to their distinct characteristics that differ from their
bulk state. Silver and gold nanoparticles (AgNPs and AuNPs) are the most common and widely used metals as nano-
particles, while aluminum, copper, palladium, and platinum can also be used to make metal plasmonic nanoparticles.
Copper should have strong plasmonic performance based on its dielectric properties, but the application of plasmonic
CuNPs is constrained by copper’s inclination to oxidize (Wang et al., 2020).

SPR are observed in metal nanoparticles as a result of their interaction with light, which shows itself in the diverse hues
of the related colloidal solutions depending on particle size and shape (Sangwan and Seth, 2022). To comprehend and
utilize the plasmonic reactions of such metal nanoparticles when coupled with electromagnetic radiation, research fields
such as detection, photocatalytic degradation, electronics, and biomedicine have been extensively studied (Ustarroz et al.,
2017). Changes in particle size, shape, composition, and arrangement can have a considerable impact on the plasmonic
characteristics of metal nanoparticles.

The three stages of preparation, storage, and application make up the lifespan of nanoparticles, including plasmonic
nanomaterials. Particularly for plasmonic nanoparticles, whose size, shape, and chemical stability influence the total level
of plasmonic and application performance, conservation of the particles’ physical and chemical properties is crucial and
must be carefully regulated (Grillet et al., 2013). Therefore, maintaining the appropriate plasmonic performance depends
on stabilizing the developed nanoparticles. Due to the wide range of fields in which plasmonic nanoparticles are used,
numerous stabilizing techniques have been devised (Dai et al., 2014). Stabilizers frequently have the added benefit of
enhancing or improving the plasmonic characteristics of the nanoparticles. To endow the nanoparticles with colloidal
stability, stabilizing agents must be present during and after nucleation and growth.
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AuNPs cannot maintain their structures without the appropriate stabilizers; instead, they will aggregate or disintegrate
and lose their plasmonic properties (Ustarroz et al., 2017). Other, stronger stabilizers tailored to the requirements of a
certain application can take the place of first stabilizing chemicals. For in vivo applications, where the nanoparticles must
keep their plasmonic capabilities until they reach their site of action and carry out the necessary function within a complex
biological matrix, picking the right protective materials is key part of the development. AuNPs, on the other hand, need to
be kept as a solution at low temperature because they are not a stable substance and rapidly combine to lose SPR ab-
sorption. However, the solution aggregates when frozen and cannot be redispersed. Additionally, a number of variables,
including pH, temperature, and salt concentration, all of which eventually cause particle dissolution or aggregation, have an
impact on the dispersion stability in solution (Kang et al., 2019; Kralik, 2014). Therefore, to increase the stability of their
dispersion, metal nanoparticles are frequently either stored in a citrate solution or react with thiolated molecules.

One of the most significant developments in AuNPs synthesis has come from the innovative work of Turkevitch and
Frens, who invented and improved the citrate reduction of HAuCl4 (Frens, 1973). Citrate serves as a reducing and sta-
bilizing ingredient in this process, which is frequently employed to create colloidal gold nanomaterials. Mulvaney and
Giersing reported stabilizing AuNPs with alkenethiols with different chain lengths in 1993. Schiffrin and fellow scientists
in 1994 provided a clearer illustration of this two-phase, thiolate-stabilized technique, which has allowed scientists to easily
adjust AuNPs size at lower temperatures while maintaining relatively high stability (Brust et al., 1994).

There have been various studies throughout the years on PEGylation, a method for stabilizing gold nanoparticles
(AuNPs) in their dispersion using poly(ethyleneglycol) (PEG). PEG is a well-known neutral, water-soluble polymer having
a flexible backbone that may form hydrogen bonds with water (Wang et al., 2020). Moreover, PEG is biocompatible and
can shield gold surfaces from immune system recognition as well as from aggregation in vitro and in vivo. The capacity to
resist salts under physiological conditions is a crucial quality when biological applications are taken into account. Ag-
gregation is thought to result from the addition of salt or an electrolyte, which increases the ionic strength. In order to
prevent aggregation, adequate surface modification is necessary. The advancement of nanoparticle sciences requires the
establishment of a new PEGylation technology because PEGylation and other functionalizations of AuNPs have mostly
been restricted to chemisorption by the gold-sulfur processes (Nam et al., 2011).

Properties and characteristics of gold nanoparticles

Understanding the properties of NMNPs and exploring their application potential are two major driving forces behind the
synthesis of a large variety of nanomaterials. Many properties of nanoparticles arise from their large surface-area-to-
volume ratio and the spatial confinement of electrons, phonons, and electric fields in and around these particles (Sau
et al., 2010).

Similarly, AuNPs exhibit deviation from the usual bulk arrangements due to their high surface area to volume ratio
(Herron and Thorn, 1998) In other words, these properties of AuNPs depend on their size and shape (Eustis and El-Sayed,
2006; Sujitha and Kannan, 2013). The surface of a nanoparticle may be unstable due to the high surface energy and large
surface curvature.

Important physical properties of AuNPs include SPR and the ability to quench fluorescence.

Surface plasmon resonance

Gold nanoparticles are shown to display a range of colors from red to dark purple as the core size of the particles increases
from 1 to 100 nm. The red color indicates smaller particles with mostly spherical shape, whereas purple color exhibits
larger particle size with mixed morphology (Siddiqi and Husen, 2017).

Plasmon is a surface-charge oscillation quantum; oscillation is begun as a result of an external field of electric forcing
the surface particle charges to amass at one end (Hedkvist, 2013). Metals that best display such free-electron plasma
performance including alkali metals, Al, Mg, and noble metals such as Ag, Au, and Cu. Surface plasmons (SPs) are
plasmon types correlated with the metal’s surfaces (Rhodes et al., 2006; Xia and Halas, 2005).

When a gold particle is exposed to light, the oscillating electromagnetic field of the light induces a collective coherent
oscillation of the free electrons (Huang and El-Sayad, 2010). Furthermore, these spherical nanoparticles show a size-
relative absorption peak from 500 to 550 nm which arises due to the collective oscillation of the conduction electrons
due to the resonant excitation by the incident photons. This is known as a surface plasmon band (Amendola et al., 2017).

Various factors affecting the surface plasmon band are size, shape, solvent, surface ligand, core charge, and temper-
ature. Proximity of the neighboring nanoparticles also affects the SPR of the gold nanoparticles (Hu et al., 2008; Mustafa
etal., 2010; Yeh et al., 2012). As the aggregation of particles takes place, the SPR frequency moves toward the red end and
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broadens the surface plasmon band. Thus, the color of the nanoparticles also changes from red to blue which is due to
interparticle plasmon coupling (Su et al., 2003).

The color changing ability of the gold nanoparticles due to aggregation can be effectively used in various biomedical
diagnostic tests (Elahi et al., 2018). One such example of such a test is the specific binding between negative charges
within (Human Chorionic Gonadotropin Hormone (HCG)) and the positive charges within particles in pregnancy-positive
samples of urine might be anticipated, whereas such a reaction will not happen in samples of negative urine (Kuppusamy
et al., 2014; Rojanathanes et al., 2008).

Quenching fluorescence

Fluorescence refers to the emission of electromagnetic radiation, usually visible light, caused by the excitation of atoms in
a material, which then reemit almost immediately. This is made possible due to the presence of a chemical compound that
is called fluorophore (Hotzer et al., 2012).

AuNPs also exhibit the property of quenching fluorescence of proximate fluorophore by inducing the deactivation
pathway. This is possible due to a significant overlap between the between the surface plasmon band of the AuNPs and
emission spectrum of excited fluorophores (Lichtman and Conchello, 2005). The aforementioned phenomenon is
commonly referred to as fluorescent resonance energy transfer (FRET). It is commonly observed in gold nanoparticles that
are less than 1 nm in size. This is due to the fact that radiative and nonradiative decay rates of fluorescent molecules are
both distinctly affected by the nanoparticles (Bigioni et al., 2000; Oh et al., 2005; Shi et al., 2015).

Another such mechanism by which the gold nanoparticles can cause quenching is the photo-induced electron transfer.
In this process, the nanoparticles act as electron acceptors and cause quenching (Ipe et al., 2002; Thomas and Kamat,
2003).

Melting point

Melting point of gold nanoparticles varies in accordance with the size of the particles (Koga et al., 2004; Qiao et al., 2014).
In general, the melting points of various forms of gold nanoparticles vary between 615 and 1115 K which is significantly
more than 1336 K which is the melting point of bulk gold (Qiao et al., 2014).

The reduction of the core’s attractive forces of interaction as a consequence of a decrease in the number of nearby atoms
is what causes the decrease in melting point. This reduces the interaction between inner and surface atoms and increases the
surface energy of surface atoms. Similarly, the electrical properties of the gold nanoparticles also differ from the bulk
material. This arises from the fact that the electrical conductivity is inversely proportional to the surface area (Sambles,
1971; Zawrah et al., 2016).

Drug release pattern and kinetics of AuNPs

Drug release kinetics is of utmost importance in the pharmaceutical studies because the drug release from pharmaceutical
nanoparticles is a key determinant in its biological effect. It is frequently advantageous to employ kinetic models to clarify
release mechanisms, which can then be used to manage and understand drug release. The ability to express multiple release
data with one or two parameters is another benefit of the kinetics. A general model can be used to derive parameters that
can be used to compare various drug delivery methods and to correlate with bioavailability data. It is evident that pa-
rameters acquired from data fitting to different kinetic models cannot be used for comparison or correlation. Herein we
discussed all such models used to determine the kinetic behavior and drug release pattern of AuNPs.

Mathematical kinetic models

Drug release kinetic studies are frequently helpful in getting one or two physically significant parameters that are used for
comparison and linking the release parameter with important aspects like bioavailability. Additionally, a kinetic parameter
can be utilized to investigate how formulation parameters affect drug release in order to optimize and regulate release.
Models are deemed acceptable general models if they had both a single-figure overall error (OE) and a number of single-
figure OEs that was higher than 75% of the total number of sets (England et al., 2015). The kinetics and mechanism of drug
release from gold nanoparticles may be assessed using mathematical kinetic models. Such various models and their
equations are given in Table 12.2.
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TABLE 12.2 Various mathematical kinetic models used to analyze the data obtained from release of drug from gold
nanoparticles (Barzegar-Jalali et al., 2008; England et al., 2015; Paarakh et al., 2018; Sibanda et al., 2004).

Model name Model Significance

Zero-order kinetic f = kot The zero-order model is associated with drug dissolution that is independent

model of drug concentration.

First-order kinetic In(1—f) = —Kft The first-order model is associated with drug dissolution that is dependent of

model drug concentration.

Simplified Higuchi F = kyv/t The simplified Higuchi model utilizes the equation to describe drug release

model from matrix and polymeric systems.

Hixson—Crowell model 1-V1—F = kst It is applicable to powder drug delivery describing cube root of drug %
remaining in matrix versus time.

Korsmeyer—Peppas Mo — e It is applicable to swelling hydrogels describing and it is applicable to log cu-

model ) mulative % drug release versus log time.

Weibull model Here b represents the shape of dissolution curve progression, it basically

_ _{(t=Ti)b}
m =1 exp{ a } shows site-specific biphasic release kinetics.

Hopfenberg model It is used to identify the mechanism of release from the optimized oil sphere

M ] _KOtalp
Mo e having good solubility and intermediate release rate.

Typically, diffusion and/or dissolution control the rate of drug release from nanoparticles. Regardless of the mecha-
nisms involved in the release, its rate under sink conditions can be stated by a single generic equation, as shown below.
dw D
dt h
where w is the total amount of drug release from nanoparticles at time #; dw/dt is the release rate; D is diffusion coefficient;
S is effective surface area; Cs is the solubility of drug in the medium; and 4 is the length of diffusion medium. This equa-
tion embodies both the Fick’s first law of diffusion, which is used for diffusion rate limited release processes, and the
Noyes-Whitney law of dissolution, which is applied to dissolution rate limited release (Barzegar-Jalali et al., 2008).
England et al. had developed layered gold nanoparticles of chemotherapeutic agents, cisplatin and paclitaxel and
evaluated for release kinetics of these two drugs through zero-order kinetic model, first-order kinetic model, simplified
Higuchi model, and Korsmeyer-Peppas model. Among all, Korsmeyer-Peppas model showed significant and adequate
drug release of each formulation type and simplified Higuchi model best-described paclitaxel release from two-layered
gold nanoparticles, they concluded (England et al., 2015).

SC;

Applications of AuNPs
Antimicrobial activity of green synthesized AuNPs

Gold nanoparticles (AuNPs) have recently received a lot of attention due to their unique properties and applications in
biomedicine (Ahmed et al., 2015). The multifunctionality of gold nanoparticles, in particular, has facilitated their nano-
biological adherence with oligonucleotides, drugs, protein, and antibodies (Ahmed et al., 2015; Giljohann et al., 2007).
Furthermore, the optical nature of AuNPs enables them to play an important role as a marking agent in the science of
biological imaging (Yong et al., 2009). On the other hand, the presence of bacteria in river and pond water is harmful to
both humans and living organisms, causing long-term diseases. Because of their excellent antibacterial activity, several
inorganic materials and nanomaterials have already been reported to help solve the problems caused by these bacteria.
Metal nanoparticles, such as gold and silver nanoparticles, have piqued the interest of researchers due to their antibacterial
and biocompatible properties with high surface-to-volume ratios.

Despite the use of physical and chemical methods for nanoparticle synthesis, there is still a critical need to develop
environmentally friendly procedures that do not involve the use of highly toxic chemicals, particularly for medical pur-
poses (Kuppusamy et al., 2015). Synthetic techniques including the utilization of natural items as reducing agents, on the
other hand, must be prioritized in order to reduce the vulnerable impacts on nature and mankind.
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Algae, fungi, and enzymes were discovered to be effective in the manufacture of AuNPs (Naveena and Prakash, 2013;
Dhanasekar et al., 2015). Furthermore, as a result of the difficulties faced during microbial-aided synthesis (Zhang et al.,
2011), plant-mediated synthesis is gaining popularity due to its ease of use and increased control over the form and size of
nanoparticles. Plant-mediated synthesis has numerous advantages because it is reasonably safe, quick, and successful even
at room temperature and does not require any additional physical equipment. Surprisingly, practically every part of the
plant has been reported to be beneficial, notably the leaves, with some studies focused on fruit as well (Dash et al., 2015;
Kumar et al., 2007; Yang et al., 2014).

Toxicity and anticancer activity of green synthesized AuNPs

Cancer, as we know, is the uncontrolled proliferation of a healthy cell that results in genetic abnormalities and mutations
that spread across cells and tissues, resulting in carcinogenesis (the development of cancerous cells) (Igbal et al., 2017).
Nanotechnology is a fast-expanding field that employs nanoscale materials for diagnostic and therapeutic purposes. Cancer
therapy is one medical field where nanomaterials (NMs) have a wide range of applications (Shi, 2021). The merger of
nanoscience with pharmaceutical science can pave the way for important changes in medical research, such as the
development of drug delivery systems for cancer therapy. Numerous nanostructures, including gold nanoparticles
(AuNPs), CNTs, dendrimers, liposomes, and micelles, are frequently utilized as drug delivery vehicles (Chakraborty et al.,
2014; Perissutti et al., 2017). Gold nanoparticles (AuNPs) have been used in targeted therapy to deliver drugs (Thambiraj
et al., 2018). Without a doubt, adopting a regulated drug delivery system is a vital technique for increasing drug therapeutic
effects and reducing drug-molecule adverse effects (Patel et al., 2017). AuNPs have also been used as delivery vehicles in
combination with photothermal therapy and to deliver medications to cancer cells effectively (Sansone et al., 2018). As a
result, the potential risks, such as carcinogenicity and undesired toxic consequences, limit the use of NPs in a variety of
applications, particularly biomedicine. Traditional cancer treatments are harmful to the body, generating side effects or
unintended effects on healthy cells, the development of drug-resistant cells, rapid drug metabolism, and the shortening of
effective treatment time (Chugh et al., 2018). Plant-mediated green synthesis has the ability to generate NPs solutions
containing biologically active compounds derived from natural extracts, which can have an effective anticancer activity on
human cancer cells. A substantial number of biosynthesized AuNPs have been shown to have anticancer activity;
nevertheless, their efficacy and cellular effects are dependent on the biological extract employed during the synthesis
procedure (Li et al., 2017). Plants, which contain a wide diversity of phytochemicals and medicinal characteristics, play an
important role in the treatment of various diseases around the world, including cancer. Because plant extracts are the
widely available, cultivable, and cost-effective, green synthesis of MNPs utilizing plant extracts has numerous advantages
over other biological resources (M. Khan et al., 2018). MNPs’ optical, magnetic, and thermal properties make them
promising candidates for use in a variety of medical applications, such as medication administration, medical diagnostics,
therapeutic aims, and so on (Alalaiwe, 2019).
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Introduction

Nanotechnology has brought research breakthroughs in a variety of industrial applications. Among these, it has reached
prominent levels in medicine such as bio-diagnosis, drug delivery, and cancer treatment (Shittu et al., 2017). Nanomedicine
is an interaction between the field of nanotechnology and medicine, involving the development of new therapeutic and
diagnostic modality using precisely designed nanoscale materials (Lucian et al., 2013).

Nanoparticles are nanoscale-sized particles that exhibit new properties such as high surface-area-to-volume ratio and
excellent optical, physical, and chemical properties. These particles find advantages in the drug delivery area and overcome
the limitations of most traditional particles. And important is the metal nanoparticles that are being brought to the fore as a
new platform for targeted delivery of therapeutic agents. The green synthetic approach is basically aimed at building
reliable and environmentally friendly processes (Velayutham et al., 2012). These processes aim to reduce/minimize waste
generation and focus on the use of environmentally friendly solvents and renewable resources. Studies have reported the
green synthesis of metal nanoparticles using a variety of biological materials (bacteria, fungi, algae, and plant extracts)
(Kholoud et al., 2010).

The synthesis of green nanoparticles via plant extracts is considered to be a simple and easy approach (Maliszewska
et al., 2011). Furthermore, the varying concentrations of phytochemicals in plant extract can act as a source of reduction
and stabilization in nanoparticle synthesis procedure (Narayanan et al., 2010; Malik et al., 2014). The biological synthesis
of nanomaterial can solve environmental challenges like solar energy conservation, agricultural production, catalysis,
electronic, optics, and biotechnological area. Green synthesis of the nanoparticle is cost-effective, easily available, eco-
friendly, nontoxic, largescale production, and act as a reducing and capping agent compared to the chemical method
which is very costly as well as it emits hazardous by-product which can have some deleterious effect on the environment
(Goodsell, 2004).

Biological synthesis utilizes naturally occupying reducing agents such as plant extract microorganism, enzyme, and-
polysaccharide which are simple and viable which is the alternative to complex and toxic chemical processes (Subbaiya
and Masilamani, 2015). Catharantus roseus (Periwinkle or Sadabahar) is a traditionally used medicinal plant belonging to
the family Apocynaceae. It is also known as Lochnera rosea, Ammocallis rosea, and Vinca rosea (Maria et al., 2020). It
occurs in every tropical or subtropical region of the world. Various phytochemical studies of C. roseus have been reported
in the literature and its extract is known to exhibit antiviral, antibacterial, antioxidant, and antifungal activities (Jaleel et al.,
2009). Alkaloids are considered the major chemical constituents of this plant.
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R
FIGURE 13.1 Catharanthus roseus plant.

It is considered a chemical factory of alkaloids producing 130 different kinds of terpenoidindol alkaloids like
vinblastine, vincristine (anticancer agent), ajmalicine (antihypertensive agent), serpentine (antineuro inflammatory agent),
and vindolicine (antidiabetic agent) (Jayanthi et al., 2010) exhibit the percentage of alkaloids that exist in different parts of
C. roseus (Fig. 13.1). Besides alkaloids, C. roseus contain tannins, flavonoids, polyphenols, and carbohydrates (Lorena
et al., 2015; Kanika et al., 2016).

Silver nanoparticles

Silver nanoparticles find applications in biomarking, sensors, antimicrobials, catalysts, electronics, and other medical
applications such as drug delivery and disease diagnosis (De Jong et al., 2008). The main goal was to develop and
characterize silver nanoparticles through biotransformation of Catharanthus roseus. It is a readily available plant known
for its antibacterial, antifungal, antioxidant, antibiotic, and anticancer properties (Venkata et al., 2016). Pink periwinkle
(Catharanthus roseus) is a perennial herbaceous plant grown commercially for medicinal purposes in India, Australia,
Africa, and southern Europe. Contains more than 70 alkaloids, most of which are indole types. Alkaloids such as
azamalicin, serpentine, and reserpine are well known for their hypotensive and antispasmodic properties (Siddharthan
et al., 2019).

Sample collection and preparation of leaf extracts

Green synthesis, silver nanoparticles, Madagascar periwinkle, antiangiogenesis, Zebrafish. Various parts of Madagascar
periwinkle were collected, air-dried, and isolated. An extraction medium was prepared for synthesizing silver nano-
particles. In addition, extracts and nanoparticles characterized by multiple characterization methods, so it was investigated
for antiangiogenesis or inhibition of angiogenesis Property.

Crushed dried plant stems, leaves, and roots into a blender for fine powders and stored in a dry atmosphere to avoid
moisture and microbial contamination. Add fine powder of stems, leaves, and roots (25 g) separately in the cup. Then the
Powdered plant sample dissolved in various solvents such as acetone and ethanol, Methanol, and petroleum ether in a ratio
of 1:10 (w/v). Evaporate the filtered solvent extract (air dry) and treated with silver nitrate aqueous solution (100 mL
2 mM) Possibility of Ag Nps biosynthesis (Kathiravan et al., 2020).

Synthesis of silver nanoparticles

Silver nitrate solution (2 mM) was prepared, then reactions with various solvent extracts (from C. roseus), was reddish
brown. Maximum value at different times 8-h intervals were taken using UV Visible spectroscopy. The mixture was
centrifuged to separate nanoparticles. Then discard the supernatant and the pellet was removed by washing it with distilled
water impurities and reactants (Kathiravan et al., 2020).

The obtained pellets were alcohol-precipitated, dried in a watch glass, and stored at room temperature for further
characterization and investigation of biological activity.

And then the extracted plant sample obtained from a variety of solvents was tested for their bio-reducing ability in the
production of Ag Np using UVV in spectrum analysis.
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Characterization of silver nanoparticles

UV-spectra analysis

Silver nanoparticles synthesized from Catharanthus roseus leaf extract were identified by measuring the wavelength of the
reaction mixture in the UV-visible spectrum of a Perkin Elmer spectrophotometer with a resolution of 1 nm (300—700 nm)
in 5 mL quartz (Siddharthan et al., 2019). A cuvette with an optical path length of 1 cm. After 24 h of incubation, the
extract solution was collected with a sterile pipette and centrifuged at 4000 rpm for 10 min. Centrifuged samples were
analyzed spectrophotometrically as described above (Nabeel et al., 2014).

Fourier transmission infrared spectroscopy

FTIR is a chemical analysis method that measures the intensity of infrared light, the wavelength or wavenumber of
light. It is used to analyze binding or interaction with possible biomolecules. IR spectroscopy reveals the vibrational
properties of chemical functional groups in a sample. When infrared radiation interacts with matter, chemical bonds take
the form of stretching, shrinking, and bending. Chemical functional groups tend to absorb infrared radiation within a
certain range of wavenumbers with respect to their structure and position in the rest of the molecule. In the synthesis of
silver nanoparticles, FT-IR data accurately reflect the reduction of silver ions and stabilization of the formed silver NPS
by measuring the interaction between the silver salt and protein molecules. The properties of functional groups on the
surface of Ag nanoparticles of plant extracts were investigated by FTIR analysis, and the spectrum was scanned in the
range of 4000—400 cm ™" at a resolution of 4 cm™~'. Samples were prepared by homogeneous dispersion of Ag NPs in a
dry KBr matrix compressed into an almost transparent disk. K Br was used as a standard for sample analysis (Venkata
Subba et al., 2013).

Antimicrobial activity of silver nanoparticles

The antibacterial activity of silver nanoparticles against various pathogenic bacteria (Klebsiella sp., E. coli, Pseudomonas
sp.) was evaluated. This strain was resistant to all broad spectrum antibiotics. This bacterial culture was inoculated into a
nutrient solution and cultured overnight. This bacterial suspension was applied to Mueller-Hinton agar (MHA) plates using
a sterile swab and a well cutter was used to create five wells in each MHA plate. One well in the center was kept as a
control using commercial silver nitrate for comparison with varying concentrations of plant synthetic silver nanoparticles in
four adjacent wells.

The maximum hole diameter is 5—7 mm. The antibacterial activity of Ag nanoparticles against bacterial pathogens was
evaluated using the hole diffusion method.

Different concentrations of silver nanoparticles (100, 150, 200 and 250 pL at a concentration of 1 pg/pl) were added to
the wells of the MHA plate of each strain. Plates were incubated at 37°C. for 24 h. After the incubation period, the area of
inhibition measured in millimeters can be observed using the scale supplied with the antibiotic, and the results are entered
into a table (Siddharthan et al., 2019) (Table 13.1).

TABLE 13.1 Synthesis and characterization of nanoparticle’s from Catharantus roseus.

uv
Nanoparticles  Synthesis Incubation period spectrophotometer ~ FTIR
Silver 10 mL leaf extract +90 mL silver ni- Incubate at RT/24 h, Maxima B/W Alkynes, ketones, al-
trate solution dark Brown appears 300—700 nm cohols, carboxylic
At 400—480 nm
Cobalt 15 mL leaf extract +50 mL of Heat for 30—60 min at 4000—5000 nm Hydroxyl Group of
0.03 m calcium chloride 70°C Flavio
Change of color
observed
Titanium 200 mL of leaf extract +80 mL of Incubate for 4 h 200—400 nm Hydroxyl, Ti—O
dioxide 5 mM of titanium oxide Color changes to light
green
Gold 0.5 mL leaf extract +9.5 mL of Color changes from Between 200 and Hydroxyl and
1 mM AuCl, (dichlorogold(1-) yellow to ruby red 800 nm carboxyl group

Peak 545.5 nm
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Characterization of TiO, nanoparticles

The synthesized nanoparticles were identified by X-ray diffraction (XRD) spectroscopy (PerkinElmer Spectrum One in-
strument, PW1830 instrument operating at a voltage of 40 kV and a current of 30 mA, CuKa radiation). The Fourier
transform infrared (FTIR) spectrum of the sample was measured in diffuse reflection modes with a resolution of 4 cm ™' on
KBr pellets using a PerkinElmer Spectrum One instrument. The powder sample for FTIR was prepared in the same manner
as the powder diffraction measurement. We analyzed the FTIR spectrum of the synthesized TiO, nanoparticles and dis-
cussed the possible functional groups for forming nanoparticles. In the scanning electron microscope study, a 25 pL.
sample was sputter coated on a copper die and an image of nanoparticles was examined using a scanning electron mi-
croscope (SEM; JEOL, model JFC1600). Topography was examined using an atomic force microscope (AFM; PARKS
scanning probe microscope) operating in noncontact mode. AFM images were processed using the XEI software provided

by the PARKS system (Horcas et al., 2007).

Cobalt nanoparticles

The synthesis of cobalt nanoparticles using a methanol extract of C. roseus has been reported for the first time (Rajmohan
et al., 2015; Patel et al., 2015).

After synthesis, these nanoparticles were characterized and evaluated for their antioxidant, antibacterial, hemolytic, and
catalytic activities. Biosynthesized nanoparticles are considered an effective approach to wastewater treatment containing
the dye alizarin red S. The catalytic activity of CoNP was studied by modifying the surface of the synthesized nanoparticles
with cetyltrimethylammonium bromide (CTAB), a cationic surfactant, and conducting comparative studies on decom-
position. The anionic dye alizarin red S was performed under various experimental conditions.

Synthesis of cobalt nanoparticles

C. roseus was a collected were collected plant (including roots, stems, leaves, etc.). The flowers were thoroughly washed
with water to remove dust. The particles and shadows were dried at room temperature for 25—30 days. Then, it was
pulverized into a fine powder.

The amount of plant powder (50 g) was added to 300 mL of 30% methanol solution into a 500 mL flask and mix
thoroughly. The mixture was then heated to 70°C for 30 min with continuous stirring. After heating, the mixture was
cooled and then filter with pleated filter paper. For green synthesis of cobalt nanoparticles (CoNP) by using C. roseus
methanol extract, 15 mL plant extract was added dropwise to 50 mL of a 0.03 M aqueous solution with constant stirring at
80C. Cobalt ion (Coll) was reduced to Co within 30°C for about 60 min after the color of the reaction mixture changed
there will be the formation of CoNP was shown. The solution was centrifuged at 5000 rpm for 40 min. After that separated
nanoparticles were completely washed, dried, and stored in the oven and then used for further research.

Characterization 