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Abstract With the unprecedented progresses of nanotechnology, metallic
nanoparticles (MNPs) synthesized by green approaches have received global atten-
tion due to their low toxicity for the mankind. The advent in nanomaterial studies
and their applications provoked issue of their toxicity and biocompatibility with
respect to ecosystem and human health. This chapter provides glimpse to green
synthesis and functionalization of nanoparticles used for the environmental
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remediation as well as highlights the “state of the art” in exploring various environ-
ment-friendly synthesis approaches. However, the field of nanoscience has
blossomed over the last two decades to unfold to unleash its power on our day-to-
day lives of various nanotechnological production processes. Also new strategies
have been applied for synthesis and industrial preparation. In particular, this chapter
discusses green nanotechnology-based production of biocompatible Ag and Au
nanoparticles and their biomedical applications and also enlightens the platform
for innovative antibacterial efficacy and its cytotoxicity.

Keywords Nanotechnology · Metallic nanoparticles · Green synthesis ·
Antibacterial · Biocompatible · Cytotoxicity

4.1 Introduction

The amalgamation of science, engineering, and technology at nanoscale level gave
birth to the field of nanotechnology. The term nano is obtained from the Greek word
“nanos” which implies small and refers to particles above subatomic measurements
nearly 1 billionth of a meter. It’s a science which involves the study of extremely
small things and further engineering them to have potential utility in various other
scientific fields (Mazhar et al. 2017). Nanotechnology has been a developing area
since a decade or two and finding extensive applications due to its enhanced
properties of being lightweight as well as showing a greater chemical reactivity
than their larger-scale counterparts (Naushad et al. 2017). Chemical synthesis of
nanoparticles makes them toxic and renders them unsuitable for applications in
medical fields (Prabu 2015). When nanoparticles are manufactured by synthetic
routes using organic solvents and in harsh chemical conditions, it leads to accumu-
lation of toxic residues which subsequently pose a threat to the environment (Molnár
et al. 2018). To resolve the issues associated with chemical synthesis routes, green
methods of synthesis came into role. Green nanobiotechnology refers to an eco-
friendly route of synthesis of nanomaterials utilizing plants, microorganisms, and
even their by-products like lipids and proteins (Patra and Baek 2014). The diagram
below lists out the different methods of nanoparticles synthesis Fig. 4.1.

At present, due to the nontoxic effects, nonexpensive, and eco-friendly nature,
researchers are more interested in introducing new approaches in the field of biology.

4.2 Scopes for Green Synthesis of Metal Nanoparticles

Various routes of biosynthesized green nanoparticles include algae, microbes (dia-
toms), plants, some biocompatible agents, and heterotrophic human cell lines which
are known as green nanofactories and especially exploited for the production of
inorganic nanoparticles (Narayanan and Sakthivel 2011; Prabu 2015; Shirsat et al.
2016). Thus the approach for biosynthesized nanoparticles follows the principles of
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green chemistry. However, plants and plant resources are advantageous as sources of
nanomaterials synthesis over prokaryotic microbes which further need downstream
processing (Narayanan and Sakthivel 2011).

The principles of green chemistry have proved to be a promising alternate to
produce biocompatible and steady nanoparticles having the added advantages of
being nontoxic and environment-friendly (Parveen et al. 2016). With the advance-
ment of green methods of nanoparticles synthesis, the scope of developments in
other scientific fields like medicine has also increased multifold (Patra and Baek
2014). This chapter focusses on the strong cross-link between nanotechnology and
its significant contribution to therapeutics especially in treating bacterial infections.

Recent years have shown immense increase in the production of gold
nanoparticles, and their applications in biomedical spheres have also increased
(Keighron and Keating 2010). Biogenic method of synthesis of silver and gold
nanoparticles is seeking more attention owing to their intense antibacterial action
as well as for their property of getting reduced to salts easily (Wang and Hu 2017).
Biogenic Ag and Au nanoparticles act as good conduction centers and thereby
facilitate transfer of electrons. The colloidal route of synthesis of silver and gold is
predicted to create ion channels in between the prosthetic groups and to help the
protein to acquire a favorable orientation.

The applications of nanoparticles in the area of medical science are known to be
expanding due to their high stability both chemically and biologically and can be
administered through almost all routes unlike other drugs which have certain
limitations (Bao 2004). Introduction of nanoparticles into the cell generates a lot
of structural modifications which often can lead to non-specific interactions between

Fig. 4.1 Different routes for synthesis of nanoparticles
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the shell of the nanoparticles and proteins circulating in the bloodstream. Therefore
an ideal nanoparticle used for therapeutics should be nontoxic, stable, non-immu-
nogenic, biocompatible, noninflammatory, and biodegradable to ensure its potency
and efficacy (Farkhani et al. 2014).

4.3 Biological Effect of Metal Nanoparticles

Following Table 4.1 listed below shows biosynthesis of nanoparticles from different
bacteria. The extensive use of metallic oxide nanoparticles has shown remarkable
applications in various areas such as antibacterial, antifungal, drug delivery, tissue
engineering, wound healing, etc. (Martin-Ortigosa et al. 2014). In view of concern
related to biocompatibility, green synthesized nanoparticles have been used
(Vadlapudi et al. 2014). As far as beneficial effects are concerned, green synthesized
metal nanoparticles have been studied for their antibacterial activities against path-
ogenic as well as nonpathogenic strains. The approach of green synthesis has been
taken in prior to enhance the antibacterial activity of a metal nanoparticles like
AgNPs, AuNPs, etc. However, their toxic effects can be ignored upon high usage
and accumulation. Moreover, the toxic effect advances toward the environmental
aspects and spread to other biotic factors of the ecosystem.

Table 4.1 Biosynthesis of nanoparticles from bacteria

Bacterial strains Metal nanoparticles Size References

Pseudomonas stutzeri AgNPs 100–200 nm 11

Lactobacillus sp. AgNPs 15–30 nm 12

Morganella sp. AgNPs 20–21 nm 13

Bacillus subtilis AgNPs 5–50 nm 14

Bacillus indicus AgNPs 2.5–13.3 nm 15

Pseudomonas antarctica AgNPs 3–33 nm 15

Pseudomonas fluorescens AgNPs 80–85 nm 16

Salmonella typhimurium AgNPs 85–110 nm 17

Bacillus thuringiensis AgNPs 20–30 nm 18

S. aureus AgNPs 30–40 nm 18

S. typhimurium AgNPs 40–50 nm 18

Bacillus subtilis AuNPs 5–25 nm 19

Lactobacillus sp. AuNPs 20–50 nm 20

Pseudomonas aeruginosa AuNPs 15–30 nm 21

Escherichia coli AuNPs 20–25 nm 22

Klebsiella pneumoniae AuNPs 35–65 nm 23

Salmonella Typhimurium AuNPs 20–40 nm 17
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4.3.1 Antibacterial Effects of Green Synthesized Metal
Nanoparticles (AgNPs and AuNPs)

Recently, successful biosynthesis of silver and gold nanoparticles was carried out by
researchers via green route of methodology varying with morphology and desired
size through natural reducing, capping, and stabilizing agents. These biosynthesized
processes are widely favored due to their nontoxic, low-cost, naturally derived, eco-
elegant features (Feng et al. 2000; Taylor et al. 2010) Fig. 4.2. The extracts such as
amino acids, polysaccharides, enzymes/proteins, and vitamins from various organ-
isms are found to be bioreduce with metallic ions in combinations with several
biomolecules which are environmentally sustainable. However, several research
groups reported green synthesis of Ag and Au metallic nanoparticles using bacteria,
biological routes, and extraction of plant products. The biosynthesis of Au and Ag
metallic nanoparticles is properly channelized through the organic compounds
present in plant extracts for lower concentration of nanoparticles. The underlying
molecular mechanism that permits inhibitory properties of biosynthesized Au and
Ag nanoparticles cause reduction of ionic form of gold to its atomic state and ionic
form of silver to its atomic state. This bioreduction occurs by absence of hydrogen
due to OH groups present in the polyphenol molecules. The biosynthesis of such
silver and gold nanoparticles can be achieved through different routes.

Successful synthesis of biogenic silver nanoparticles (AgNPs) was carried out by
a group of researchers in an eco-friendly manner. For example, the root extract of
plant named Zingiber officinale were used in presence of metallic ion. The change in
change indicated the formation of biosynthesized silver nanoparticles (AgNPs)

Fig. 4.2 Process outline for the synthesis of AgNPs and AuNPs along with its characterization
techniques and antimicrobial activity
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(Velmurugan et al. 2014). Another method of synthesis of AgNPs was done out by
Ahmed group using plant extracts of Azadirachta indica (Ahmed et al. 2015). This
plant extract functions as capping as well as reducing agent. For this method, leaves
of plant extract were first cleaned by distilled water and air dried at room tempera-
ture. The leaves were boiled later in distilled water for 30 min, and the extract was
stored in the refrigerator before use. This group also proposed a new, basic, one-step,
easier, and quicker method for synthesizing of biogenic AgNPs by using plant
extracts of Crotalaria retusa as well as Terminalia arjuna as reducing and stabiliz-
ing agents (Ahmed and Ikram 2015; Ahmed et al. 2016b). The biogenic silver
nanoparticles (AgNPs) exhibited greater catalytic activity as well as excellent
antibacterial premises against both Gram-negative and Gram-positive
microorganisms.

Biosynthesis of gold nanoparticles (AuNPs) was also carried out by using
environment-friendly material such as the plant extracts. For example, the plant
extract of Sphaeranthus indicus was first washed, then transferred into conical of
purified boiling water, and kept for 10 min. The plant extract was then filtered for
further process. To it 1 mM of HAuCl4 solution along with S. indicus plant extract
was added and mixed well for 30 min; the change in color from light yellow to wine
red indicated synthesis of Au NPs (pH 5.4) (Balalakshmi et al. 2017). Another set of
synthesis of AuNPs were performed by different research group where they col-
lected leaf, bark, stem, root, etc. These plant parts were properly cleaned with water,
cut into small parts, and then allowed to boil in distilled water to obtain extract.
Further, the purified extract is mixed with the metallic HAuCl4 salt solution at room
temperature to obtain Au NPs in a one-pot reaction (Ahmed et al. 2016a).

4.3.2 Cytotoxicity of Green Synthesized Metal Nanoparticles
(AgNPs and AuNPs)

Cytotoxicity of a nanoparticle is defined as the alteration in cellular morphology
leading to toxic effect of nanoparticle. Cytotoxicity has been considered as an
important modality for proposing any nanomaterial for clinical applications. Now-
adays both in vitro and in vivo biological models are being used to evaluate the
cytotoxicity effect of engineered nanoparticles. In vitro evaluation has been
described as the determination of cytotoxicity or in negative termed called as
biocompatibility using mammalian cell lines as model, while in vivo evaluation
describes the cytotoxicity determination in live models like mouse, rat, and
zebrafish. Metallic nanoparticles such as silver and gold have been reported to
exhibit cytotoxicity apart from their antibacterial efficacy. A number of studies
have reported the cytotoxic effects of Ag NPs on neuronal cell, rat liver (Hussain
2005; Hussain et al. 2006), murine stem cells (Braydich-Stolle et al. 2005), and
human lung epithelial cell (Lam et al. 2004; Asharani et al. 2009). The basic
mechanism of AgNP toxicity has been understood since long time, yet detail
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explanation is still lacking. Ag NPs that get internalized inside cell through perme-
ation of cell membrane create greater level of intracellular Ag+, leading toward
genotoxic and cytotoxic effects carried out through the interruption of cell transport
(Choi and Hu 2008). Smaller AgNP penetrates cell walls and membranes, while
larger AgNP gets internalized through endosomal pathway (Xia et al. 2006).
Through these basic mechanisms, the whole processes have been defined by many
researchers. The mechanisms have been described in terms of three major cellular
phenomena happening during their exposure: (1) generation of reactive oxygen
species (ROS), (2) DNA damage, and (3) modulation of immunological factors
like cytokine production. Uptake of AgNP can induce the generation of ROS at
higher level which results toward oxidative stress and genotoxic effects. Induction of
ROS proceeds toward disruption of flux of ions and electrons across the mitochon-
drial membrane leading to either apoptosis or necrosis (Asharani et al. 2009; Arora et
al. 2008). The ROS induction, however, varies according to the physiochemical
properties of the AgNPs Fig. 4.3.

As far as genotoxicity induced by AgNP is concerned, the toxic effects are
induced by DNA damage as shown in case of human lung fibroblast, IMR90, and
human glioblastoma cells, U251, by increasing ROS production or by diminishing
energy production due to depleted ATP generation (Hsin et al. 2008). Apart from
this, the mechanism of AgNP cytotoxicity has also been reported due to change in
immunological responses. AgNP has been reported to elicit both stimulatory and
suppressive effects on the production of cytokines associated with the inflammatory
response and is found to be dependent on physiological parameters like size, dose,
and cell types. Studies showed enhanced production of proinflammatory response
mediators (TNF-α, MIP-2, and IL-1β) and an increase in IL-1β, IL-6, IL-8, and
TNF-α in human epidermal cells (Carlson et al. 2008; Greulich et al. 2009).

Fig. 4.3 Antibacterial mechanism of metal nanoparticles
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Though the in vitro studies have provided detail information, in vivo studies have
verified the toxicity of AgNP with regard to their exposure and organism basis. At
gene level, the genes responsible for apoptosis and inflammation pathways have also
been found to be in elicited regulation on AgNP exposure [24]. The toxicity of AgNP
has also been reported in embryonic zebrafish model. Moreover, changes in mor-
phology like abnormal organ formation, pericardial edema, and slow development
have also been reported (Verma et al. 2017a, b). In brief, the mechanism of toxicity
of AgNP has been defined with respect of both in vitro and in vivo model; however,
the detailed understanding has come mostly from in vitro studies. In vivo studies
have enlightened the detail but need to be excavated in more intensive and molecular
way.

Similar to AgNP, the cytotoxic effects of AuNP have also been the matter of
discussion with regard to their extensive studies. The toxicity of AuNPs has been
discussed in frame of both in vitro and in vivo studies. Knowledge about toxicity in
in vitro models have been done on a large scale on each and every types of cell lines.
A group of researchers showed the in vitro biocompatibility of AuNPs obtained from
tea flavonoids in PC-3 prostate cancer cells and MCF-7 breast cancer cells that
marked up increase level of gold concentrations (Nune et al. 2009). Another group of
researchers showed use of soybean phytochemical mediated AuNP biocompatibility
toward fibroblast cell lines. For clinical purpose of AuNPs, it is necessary to unravel
the mechanism of in vivo toxicity and biodistribution. Furthermore, this group also
showed that mice injected with AuNPs synthesized from plant extract of Lantana
montevidensis (LM) did not reveal in vivo toxicity as compared with untreated mice
(Nune et al. 2009). Both serum histopathological evaluation and biochemical
parameters were normal and without any symptoms of toxicity. All these in vivo
results thus generated infer that AuNPs were nontoxic in animal models and can be
recommended for biomedical applications. A group of researchers showed cinna-
mon phytochemical-derived AuNP biocompatibility toward animal models. They
also demonstrated the in vivo biocompatibility of AuNPs after intraperitoneal
injection (i.p.) in male Wistar rats (Ahmed et al. 2016a) where the major accumu-
lation of these nanoparticles was observed in liver and spleen followed by kidneys
and lungs. So far all the published articles gave evidence that AuNPs may serve as
promising and secure to increase level of in vivo concentrations and potential in the
field of pharmaceuticals and biomedical applications.

4.3.3 Biomedical Application of AgNP and AuNP

In the field of biology, metallic nanoparticles (MNPs) have drawn several promising
applications owing to their catalytic properties, biocompatibility, optical nature,
conductivity, surface volume, and density (Li and Li 2014; Boote et al. 2014). As
compared to route of colloidal metallic nanoparticles (MNPs), biosynthesized NPs
are superior to colloidal stability and their proficiency to conjugate with organic
molecules. Metallic nanoparticles (MNPs) have been used in various applications
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such as drug delivery, enzyme immobilization, gene delivery, chemotherapy, and
antimicrobial activity (Fig. 4.4).

Drug Delivery

This method includes targeted drug delivery and traditional mechanisms. Targeted
drug delivery are preferred more than traditional drug delivery mechanisms since the
drugs are chosen at a distinct affected area and doses are administrated locally
without any undesirable effects. Several groups of work have been carried forward
by scientists following these traditional drug delivery mechanisms (Li and Li 2014;
Anandhakumar et al. 2012). The importance of metallic nanoparticles (MNPs) for
efficient drug delivery mechanisms implies because of their distinct biophysical and
biochemical properties with strong binding attraction for carboxylic acid aptamers,
proteins, thiols, and disulfides. Therefore, they have been recommended for antican-
cer therapy. The toxicity of MNP depends on the surface coating, route of synthesis,
size, shape, charge, and functionalized molecules, but its cytotoxicity relies at a
minimal acceptable level of nanoparticles. The flexibility of MNPs involves their
monolayers to provide an efficient system (Ajnai et al. 2014).

Enzyme Immobilization

The process of enzyme immobilization has been applied on solvent media for
intensifying enzyme activity and stability (Iyer and Ananthanarayan 2008). In the
field of biotechnology, the immobilization of enzyme seeks attention for their
minimal expenses in industrial-based operational stability and ease of separation of
products for long period (Mateo et al. 2007). Enormous scale of immobilization
techniques can be used for covalent and adsorption on solid supports (Alonso et al.
2005). This method can be achieved by selecting matrix support and designing the

Fig. 4.4 Biomedical applications of AgNPs and AuNPs
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carrier. To be utilized as host matrices, MNPs such as gold and silver are used due to
their surface stability and good electronic properties. Both these MNPs serve as good
conduction centers to facilitate transfer of electrons (Chi et al. 2008). The enzyme
immobilization of biogenic nanoparticle depends on solid supports either as isolated
cells or whole cell enzymes, such as lysozyme (Vertegel et al. 2004), aminopepti-
dase, as well as alcohol dehydrogenase (Keighron and Keating 2010) and glucose
oxidase (Li and Xu 2014).

Gene Delivery

The mechanism of gene delivery technique implies on gene of interest to specify its
encoded protein into an appropriate host cell (Li and Xu 2014). Several types of gene
delivery techniques are transfection, electroporation, and use of vectors such as
retroviruses and adenoviruses (Farkhani et al. 2014). The gene delivery machinery
in viral vectors occurs by introduction of nucleic acid sequences into the desired host
genome of interest excluding any side effects. Therefore, these methods are secure in
biomedical applications based on improvements in their efficiency (Martin-Ortigosa
et al. 2014). In basic science, several nanoparticles have been applied, particularly to
in vitro cells for stimulating the transfection efficiency. As a consequence, composite
nanoparticles and nucleic acid are first supplied into in vitro cell medium and toward
the surface of the cell followed by the magnetic force. Conditions due to the presence
of higher toxicity of these nanoparticle biomedical applications are limited toward in
vivo and in vitro conditions (Syu et al. 2014). Therefore, nanoparticles are encrusted
with molecules, such as proteins and carbohydrates, synthetic organic polyethylene
glycol, polyvinyl alcohol, poly-L-lactic acid, and silica to minimize toxic effect (Bao
2004). The process of developing new nonviral methods facilitates rate of transfec-
tion efficiency. At present, biosynthesized NPs hold an alternative approach for gene
transfection (Seisenbaeva et al. 2017; Cai et al. 2008).

Chemotherapy

Chemotherapy is drug therapy for anticancer treatment of varied types. The main
obstacles in cancer treatment are its toxic effect on healthy proliferating cells
acquired by multidrug resistance (Gottesman et al. 2002). Therefore it is required
for appropriate concentrations of anticancer drugs to be administered for reducing
the toxic side effects (Maeda 2001). In these days, nanotechnology field has
achieved the only alternative approach to overcome such problems by the applica-
tion of nanotherapeutics, particularly for delivering drug to gene, siRNA, and
antitumor therapy, biosensing, and bioimaging. Apart from MNPs, AuNPs also
play an important role in drug delivery applications because of their size, shapes,
surface-dependent properties, and minimal cytotoxic effects (Ghosh et al. 2008; Han
et al. 2007). Therefore, nanoparticles can be recommended for efficient therapy
toward drug delivery of targeted cancer cells.
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Antimicrobial Activities

Due to the presence of high antimicrobial properties, metallic nanoparticles (MNPs)
are used against various microorganisms. At present in the field of medical and
pharmaceutical industries, inert nanomaterials serve as antimicrobial drugs. Com-
pared to several metallic nanoparticles (MNPs), AgNPs showed effective bacteri-
cidal activity toward Gram-ve and Gram+ve bacteria including those antimicrobial-
resistant strains (Li and Li 2014). AgNPs and its corresponding ions have drawn
attention owing to their antibacterial nature either bacteriocidal or bacteriostatic and
are also considered “oligo dynamic.” Based on observation ionic form of Ag (silver)
inactivates the interaction with thiol groups of essential proteins/enzymes. It is
therefore known that ionic form of silver interaction with bacteria permits depolar-
ization in the cell membrane, thereby inhibiting DNA replication machinery
(Elechiguerra et al. 2005).

4.4 Conclusion and Future Outlook

This chapter primely focusses on eco-friendly biosynthesis of silver and gold
nanoparticles as an alternative approach with relevant biomedical implications.
These biogenic NPs have been used in the photocatalytic degradation of dyes.
Therefore, metal/metal oxide hybrid nanocomposites might be use as a photocatalyst
with enhanced antimicrobial activity. These nanoparticles have explored the therapy
of nanomedicine which can be perceived from advancements of several AgNP- and
AuNP-based nanomedicines. Green synthesized nanoparticles have been proved as
beneficial in respect of high antibacterial efficacy with a biocompatibility at same
platform. Furthermore, for the stability of in vitro and in vivo biodistribution, both
AgNPs and AuNPs were used. This chapter highlights a novel opportunity with
scope in advancement of designing convenient techniques to fabricate silver and
gold nanoparticles with appropriate features to ensemble antibacterial activities,
anticancer treatment, and therapeutic applications. Therefore, the potent role of
these NPs should deliberate as cost worthy for therapeutic applications in the field
of bioscience and biomedicine in the near future.
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