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Biosynthesized or biogenic metallic nanoparticles, particularly silver and gold nanoparticles (AgNPs and AuNPs, respectively), have
been increasingly used because of their advantages, including high stability and loading capacity; moreover, these nanoparticles are
synthesized using a green and cost-effective method. Previous studies have investigated reducing and/or stabilizing agents from
various biological sources, including plants, microorganisms, and marine-derived products, using either a one-pot or a multistep
process at different conditions. In addition, extensive studies have been performed to determine the biological or pharmacological
effects of these nanoparticles, such as antimicrobial, antitumor, anti-inflammatory, and antioxidant effects. In the recent years,
chitosan, a natural cationic polysaccharide, has been increasingly investigated as a reducing and/or stabilizing agent in the synthesis of
biogenic metallic nanoparticles with potential applications in nanomedicine. Here, we have reviewed the mechanism of biosynthesis
and potential applications of AgNPs and AuNPs and their chitosan-mediated nanocomposites in nanomedicine.

1. Introduction

Nanotechnology is a branch of technology associated with
the synthesis, characterization, and application of materials
in the nanoscale range of 1–100 nm [1]. )e term “nano-
technology” was defined in 1974 by Norio Taniguchi of
Tokyo University as the ability to manipulate materials at the
nanometer scale [2]. Since then, nanoparticles have been
used for various applications in science and technology. )e
application of nanotechnology in health sciences is in the
field of nanomedicine [3].

)e unique property of nanoparticles is that they have
a considerably high surface area, which facilitates binding
with different functional ligands [4, 5]. )e small size of
nanoparticles enables their use for various applications [6],
including development of new devices or tools used in the
biomedical and pharmaceutical fields [4, 7, 8].

In the recent years, compared to bulk metals or metal
ions, metallic nanoparticles, including silver (Ag), gold (Au),

platinum (Pt), and palladium (Pd), have been extensively
studied because of their unique properties, particularly
the effect of quantum size and large surface area. In ad-
dition, metallic nanoparticles are compatible with the
biological system, and therefore, they have been used for
drug delivery, diagnostic imaging, labelling, and as bio-
sensors [9].

Numerous studies have been conducted, particularly to
examine the synthesis and potential applications of metallic
nanoparticles. Metallic nanoparticles are synthesized by
various techniques, including a chemical method. )e
process of synthesis via a chemical method is divided into
two steps: the first step involves reduction by a reducing
agent followed by stabilization of the formed nanoparticles
by using a suitable stabilizing agent; the first step is crucial
in avoiding particle agglomeration that leads to the disap-
pearance of the formed nanoparticles [10]. A nontoxic
stabilizing agent or a capping agent should be selected
during the synthesis of nanoparticles because the toxicity of
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the nanoparticles depends on the properties of the capping
agent rather than the nanoparticle itself [11].

Metallic nanoparticles stabilized using a biodegradable
polymer such as chitosan can be used for the development of
drug delivery systems because chitosan acts as an effective
adjuvant owing to its efficient interaction with and per-
meation across the cellular membranes. Chitosan is widely
used because of its low toxicity and high biocompatibility.
)e presence of a stabilizer such as chitosan in the synthesis
of metallic nanoparticles can facilitate modification of the
surface physical absorption, specific recognition, and elec-
trostatic interaction and thus improve stability [12, 13],
which is important for determining the potential use of
metallic nanoparticles as therapeutic agents [14].

Chitosan is used as a stabilizer [15] and as a reducing
agent [16] in the synthesis of gold nanoparticles (AuNPs).
)e concentration of chitosan affects the size and stability of
the prepared nanoparticles [17]. )e electrostatic attraction
between the metal anions and protonated amine groups is
because of the interaction between chitosan and the anionic
tetrachloroauric ions.

Biosynthesis of metallic nanoparticles is gaining popu-
larity because of the eco-friendly and cost-effectiveness
nature of this method, whereas the chemical method is
associated with biological hazards and environmental tox-
icity [18]. Metallic nanoparticles synthesized using biological
agents, including fungi, plants, bacteria, and other micro-
organisms, have high stability. Many studies have in-
vestigated the applications of silver nanoparticles (AgNPs)
and AgNPs in health sciences; therefore, in this article, we
have reviewed the mechanism of biosynthesis and the po-
tential applications of silver nanoparticles (AgNPs) and
AuNPs and their chitosan-mediated nanocomposites.

2. Potential Applications of AgNPs

Unlike the bulk form of the noble metal, AgNPs of various
shapes and sizes have different catalytic characteristics, in-
cluding surface plasmon resonance (SPR), large effective
scattering cross section of individual AgNPs, and strong
toxicity to a wide range of microorganisms. Recent studies
have investigated the effects of AgNPs although silver ions
and salts have long been used for their inhibitory effects
against microorganisms [19].

2.1. Antimicrobial Agents. Many industries have started
exploiting silver for its use as an antibacterial agent, and silver is
often added to wound dressings, topical creams, antiseptic
sprays, and fabrics [20]. AgNPs also exert their antibacterial
activity by acting as antibacterial complements to antibiotics.
)us, AgNPs can be used in the case of development of re-
sistance to conventional antibiotics [21]. AgNPs exert anti-
bacterial effects by attaching to the bacterial cell wall and
subsequently penetrating it, and thus, result in a structural
alteration of the cell membrane. )us, a compromise in the
permeability of the cell membrane leads to cell death. )e
formation of gaps known as “pits” on the cell surface causes
accumulation of nanoparticles [22].

Further, AgNPs tend to interact with sulfur- and
phosphorus-containing biomaterials present in the bacterial
cells, such as DNA bases, and then, act on the soft bases and
destroy the DNA, which leads to death of the cell [23].
Moreover, inhibition of respiratory enzymes by silver ion
causes release of reactive oxygen species (ROS) by the cell,
which results in cells to self-attack. In addition, nano-
particles modulate signal transduction in bacteria; nano-
particles dephosphorylate the peptide substrates on tyrosine
residues, which lead to inhibition of signal transduction and
thus prevention of the growth of bacteria [24].

Several studies indicate that the positive charge on the
silver ion plays an important role in the antimicrobial ac-
tivity exerted through electrostatic attractions between the
negatively charged cell membrane and the positively charged
nanoparticles [25]. AgNPs are used as coating materials for
medical devices because of their unique antimicrobial
properties. AgNPs protect the outer and inner surfaces of the
devices and facilitate continuous release of silver ions to
induce antibacterial activity [26]. In addition, the synthe-
sized AgNPs are dispersed in various types of vehicles such
as chitosan-alginate composites [27] and a chitosan nano-
carrier [28] to achieve an enhanced antibacterial effect.

2.2. Leishmanicidal Agent. Leishmaniasis is a disease caused
by parasites of the genus Leishmania, transmitted to the host
by a sand fly vector [29]. Current drugs caused severe toxicity
and the parasites have developed resistance to the available
leishmanicidal agents [30, 31]. Strategies to overcome these
problems include a combined therapy of leishmanicidal agent
with AgNPs. Amphotericin B was adsorbed on the surface of
AgNPs synthesized from the aqueous extract of Isatis tinctoria
[32].)e leishmanicidal activity of these nanoparticles (IC50 �

2.43 μg/mL) was greater than the blank AgNPs (IC50 �

4.2 μg/mL). Similarly, Anethum graveolens leaf extract was
used as a source of reducing agent to produce biogenic
AgNPs. )e AgNPs augmented antileishmanial effect of
miltefosine by ∼2-folds, even though AgNPs alone did not
show any inhibition against leishmanial parasite [33].
)erefore, the combination of leishmanicidal agent with
biogenic AgNPs could be the answer for a safer and more
effective alternative to treat leishmaniasis.

)e effects of light exposure on the AgNPs leishmanial
activity was investigated against L. tropica promastigotes in
vitro. )e morphology and other parameters, including
glucose consumption and mitochondrial dehydrogenase
activities of the parasite, were altered and by exposing to
visible light; the antileishmanial activity was enhanced
compared to those in the dark condition [34]. Similar
findings were reported when the parasites were exposed to
AgNPs and UV light [35].

2.3. Catalytic Agents. Metal particles in the nanometer size
range exhibit physical properties that are different from both
the ion and the bulk material counterparts, including in-
creased catalytic activity [36]. )e catalytic activity of these
nanoparticles is dependent on their particle size as well as
size distribution, structure, shape, and chemical-physical
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environment. Catalytic agents are important for many
chemical reactions and degradation of many synthetic
chemicals such as dyes like methylene blue and Congo Red
and caused adverse effects to human health and environ-
ment. Currently, nanocatalyst is used to remove harmful
chemicals that are widely applied in many products, in-
cluding cosmetics and pharmaceuticals [37].

Photocatalytic activity of AgNPs biosynthesized from the
extract of lychee (L. chinensis) was reported to be signifi-
cantly higher when compared to commercial AgNPs; 99.24%
of methylene blue degraded within 11min. )e catalytic
activity was maintained even after the third time of reusing
the AgNPs [38]. )e high activity is attributed by the small
size of AgNPs that provides large surface area for catalysis to
occur on the surface of nanoparticles [38].

2.4. Wound Healing Agents. AgNPs are used as excellent
healing wound dressings because they accelerate reepithe-
lialization and increase the bacterial clearance from infected
wounds [39]. )ese effects of AgNPs are because of a de-
crease in the activity of local matrix metalloproteinase
(MMP) and an increase in the apoptosis of neutrophils
within the wound [40]. In addition, AgNPs inhibit the ac-
tivities of proinflammatory cytokines interferon gamma and
tumor necrosis factor alpha [41]. In an animal model, topical
application of chitosan-capped AgNPs accelerated the
healing of a burn wound healing by decreasing the in-
flammatory reaction, and subsequently, decreasing the
duration of the repair phase [42]. A previous report has
described the applications of biosynthesized AgNPs and
AuNPs in wound healing [43].

2.5. Biosensors. )e plasmonic properties of AgNPs enable
the detection of a large of proteins that are not detected by
normal biosensors. AgNPs are used as biosensors in the
detection of cancers [44]. )e SPR peaks and line widths are
sensitive to the size and shape of the nanoparticles, the
metallic species, and the surrounding medium [45]. )us,
AgNPs are very sensitive and can be used for bioimaging.
AgNPs can be used as agents for photothermal therapy for
ablation of unwanted cells such as breast carcinoma cells [46].
AgNPs were also used as cation marker in glucose biosensors,
and the method could determine glucose with good selec-
tivity, accuracy, and reproducibility [47]. Additionally, AgNPs
could be used in sensing DNA hybridization by which the
success of a sensing assay depends on the salt concentration
which should be greater than a minimum threshold [48].

2.6. Drug Delivery. Nanoparticles have advantages such as
small particle size, high stability, and specific targeting ability
through surface functionalization; thus, nanoparticles can be
used as versatile drug delivery systems. )e surface of AgNPs
was functionalized with a targeting ligand, for example, folic
acid. )en, the AgNPs were conjugated with diminazene
aceturate, a drug used to treat animal trypanosomiasis [49]. In
addition, AgNPs have been developed as vehicles for various
drugs [50] and biomolecules, e.g., oligodeoxynucleotides [51]

and interleukin-10 [52], for treating cancers and in-
flammatory diseases, respectively.

3. Potential Applications of AuNPs

AuNPs are extensively used in biomedicine because of their
properties such as ease of detection, high functionality, and
low toxicity [53]. Precise modification of the structure of
nanoparticles at the nanoscale increases their solubility in an
aqueous environment, improves compatibility with the bi-
ological system, and facilitates conjugation other biological
molecules [54]. Moreover, administration of AuNPs in
humans is safe because of their low cytotoxicity [55].

AuNPs have many advantages, and thus, previous
studies have investigated various applications of AuNPs in
nanomedicine as antimicrobial agents and in drug and gene
delivery systems [56–59]. AuNPs are used for various ap-
plications because of their high stability and unique elec-
tronic, optical, and spectroscopic properties [60]. Brief
descriptions about the applications of AuNPs in nano-
medicine are shown in Table 1.

3.1. Antimicrobial Agents. AuNPs have excellent antibac-
terial activities. Moreover, they have bactericidal effects on
various microorganisms. However, the bactericidal effects
are dependent on the shape and size of the AuNPs [61]. )e
mechanism underlying the antibacterial effects of AuNPs is
the same as that of AgNPs in that the AuNPs attach to the
surface of the bacterial cell membrane and cause significant
damage and disruption of the membrane, which increases
the permeability of the cell surface, inhibits the respiratory
function of the cell, and ultimately leads to the death of the
cell [62–64]. In addition, a previous study has shown that
AuNPs can be effectively used as a vehicle for antibiotics
[61]. )e combination of AuNPs with another antibacterial
agent such as ciprofloxacin showed synergistic effects, and
the antibacterial activity of the combination was higher than
that of AuNPs alone [65].

3.2. LeishmanicidalAgents. Leishmanial parasites multiply in
host macrophages. Specific drug delivery to macrophage is
therefore needed in combating leishmanial parasite infections
[66]. AuNPs as drug delivery systems for leishmanicidal
agents have been reported previously. In a study by Das et al.
[66]; quercetin-functionalized AuNPs were developed and
they were effective against selected drug resistant strains.
Other phytochemicals used to synthesize AuNPs as leish-
manicidal agents include the aqueous extract of Rhazya stricta
decne [67, 68] and Maytenus royleanus stem [31].

3.3. Catalytic Agents. Like AgNPs, AuNPs has been also
developed as catalytic agents for various kinds of reactions,
including removal of harmful chemicals. In a study by Khan
et al. [37], longan fruit juice was employed to biosynthesize
AuNPs. )e degradation of methylene blue by the catalytic
action of the AuNPs was reported to be as high as 76%, at-
tributed by the surface-capped biomolecules that continuously
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provided electrons for maintaining gold in its reduced form
[37] in addition to their advantage of being small size particles.
Recently, biogenic AuNPs produced from the aqueous extracts
of Alpinia nigra leaves showed high photocatalytic activity;
about 83% and 88% methyl orange and rhodamine B were
degraded, respectively [69].

Advantages of using metal nanoparticles as catalysts
include the following: (1) the need of low reaction tem-
perature (below the boiling point of solvent), (2) trans-
parency to light that allows photo catalysis, (3) easy control
of their size as well as shape, and (4) the ability to be
immobilized on solid supports for the reaction to occur in
different phases, even for gaseous phase [70]. Taken together,
metal nanoparticles are showing great potentials as a simple
and cheap catalysis platform.

3.4. Diagnostic and Imaging Agents. Binding of the AuNPs
with the analytes alters the physicochemical properties of the
AuNPs, for example, conductivity, redox behavior, and SPR,
and thus, forms detectable signals that enable their use as
diagnostic agents. AuNPs play an important role as a probe
in the microscopic examination of cancer cells because they
can accumulate and exert optical scattering effect in the
tumor cells. )erefore, AuNPs can be used in the diagnosis
of cancer [71, 72].

AuNPs allow in vitro detection and act as a diagnostic
agent for diseases such as cancer by readily conjugating with
biomarkers such as oligonucleotides or antibodies to detect
the target biomolecules [73]. For example, AuNPs are used
in the bio-barcode assay, which is an ultrasensitive method
used to detect nucleic acids and target proteins. )e bio-
barcode assay involves conjugation of AuNPs with target-
specific antibodies, barcode oligonucleotides, and magnetic
microparticles functionalized with monoclonal antibodies
for the target molecule. Detection of the target molecule by
these complexes is followed by the release of a large amount
of barcode oligonucleotides, which enables quantification
and identification of the target [74].

Recently, a photoelectrochemical immunosensor based
on cadmium sulfide films and AuNPs deposited on indium
tin oxide-coated glass slide (AuNP/CdS/ITO) was developed

for the detection of anti-Leishmania infantum antibodies.
)e ability of AuNPs sensitized electrodeposited CdS to
determine specific L. infantum antibodies with high sensi-
tivity provided a simple alternative in diagnosing leish-
maniasis [75].

AuNPs have been used as imaging agents in different
techniques such as dark-field light scattering, computed to-
mography (CT), photothermal heterodyne imaging technique,
optical coherence tomography (OCT), and Raman spectros-
copy because of their electronic and optical properties [76].

3.5. Drug Delivery. Nanoparticles, including AuNPs, are
used as gene and drug delivery agents because of their ca-
pacity of high surface loading [77] in addition to other
advantages. )e high surface area of AuNPs acts as a plat-
form for therapeutic agents and facilitates dense binding of
multifunctional moieties such as targeting agents and drugs
[76]. AuNPs can be delivered into the cells via active or
passive targeting mechanisms. )e passive targeting process
involves accumulation of AuNPs within the tumor via its
irregular vasculature, which allows penetration of large-
sized particles through the endothelium. )e passive tar-
geting process is based on the enhanced permeability and
retention (EPR) effect. Active targeting depends on binding
to a surface functional ligand specifically designed for the
target analytes to provide selectivity and specificity [76].
AuNPs can be used for various applications, including ge-
netic regulation, photothermal therapy, and therapeutic
agents, via effective delivery and targeting strategies [78–80].

4. Biosynthesis of Metallic Nanoparticles

Metallic nanoparticles are typically synthesized using
chemical methods. However, the costly and toxic reagents
used as stabilizing and reducing agents during synthesis may
limit the applications of these nanoparticles. Moreover, these
toxic agents may excessively accumulate in solid, liquid, or
gaseous forms in the environment [81]. Chemical and
physical methods [64] of synthesis of nanoparticles involve
the use of hazardous chemicals and high energy; moreover,
the process of purification of nanoparticles synthesized
using this method is difficult and wasteful [20].)erefore, an
alternative method that is environmentally friendly and
involving biological agents is necessary for the synthesis of
metallic nanoparticles.

Moreover, metallic nanoparticles synthesized using
chemical methods have harmful effects when used for
biomedical applications [82, 83] because of the chemical
residues. )us, development of cost-effective and environ-
mentally friendly methods is urgently needed to synthesize
metallic nanoparticles without the use of any toxic chem-
icals. Recently, a green method using naturally occurring
reducing agents such as polysaccharides, microorganisms
(bacteria and fungus), or plants extract has been used as
a simple, nontoxic, and environment friendly alternative to
the complex chemical methods for synthesis of metallic
nanoparticles. )e applications of biogenic metal nano-
particles are shown in Figure 1.

Table 1: Brief descriptions about the applications of gold nano-
particles (AuNPs) in nanomedicine.

Application Description

Photodynamic
therapy

Near-infrared- (IR-) absorbing AuNPs
produce heat when excited by light at

wavelengths from 700 to 800 nm. Exposure
of a tumor containing AuNPs to light at
these wavelengths rapidly heats up the

particles and thus destroys the tumor cells.

Drug-delivery
agent

AuNPs have a large surface area, which
enables adsorption of variousmolecules such

as polymers, therapeutic agents, and
targeting ligands on their surface.

Diagnostics

AuNPs are used to detect biomarkers of
various diseases, including cancers and
infectious agents as well as in the home

pregnancy test.
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4.1. Advantages. Biosynthesis of metallic nanoparticles has
received much attention because of the advantages of this
method. Synthesis of nanoparticles by using a biological
method is environmentally friendly, and agents found on
plants, bacteria, or fungi can be used as reducing agents
[84, 85]. Biosynthesis of metallic nanoparticles using plant
extracts, enzymes, and microorganisms has been extensively
investigated in the recent years as an eco-friendly and green
method (Mohanpuria et al. 2008, [87]). Plant-mediated
biosynthesis of metallic nanoparticles is gaining increasing
popularity, because this is a simple method that enables
modification of size and shape of nanoparticles and is an
economical, nontoxic, and eco-friendly method [88].

In addition, biosynthesis of nanoparticles does not require
high temperature, pressure, energy, and toxic chemicals [89].
)e size and shape of extracellularly synthesized nanoparticles
can be controlled by modifying the pH, temperature, sub-
strate concentration, and reaction time [90]. Moreover, the
large amounts of naturally secreted proteins and secondary
metabolites produced when using fungi as reducing agents
rapidly produce large amounts of nanoparticles [90]. Fungi
secrete large amounts of bioactive substances, and thus are
appropriate agents for large-scale production and offer ease of
downstream processing [91]. In addition to the eco-friendly
nature, the biosynthesis method offers better control over
crystal growth because of the slow rate of synthesis and
stabilization and because of dilution and steric hindrance [92].
)ese characteristics of this method have been used to control
shape and size of the nanoparticles [93].

Large quantities of metallic nanoparticles that are free
from contaminants can be biosynthesized using plant

extracts, and these nanoparticles have better defined mor-
phology and size than those synthesized using chemical
methods [94]. )e synthesis of metallic nanoparticles using
plant extracts is simpler, easier to scaleup, and inexpensive
than that using microbes and whole plants [95, 96].
Moreover, plant extracts can act as stabilizing agent and
reducing agents in the production of AuNPs. )e source of
the plant extract affects the characteristics of the nano-
particles because different extracts may contain different
combinations and concentrations of organic reducing agents
[97, 98]. In addition, the nature and concentration of the
plant extract, pH, temperature, and the concentration of the
metal salt affect the rate of production, quantity, and other
properties of AuNPs. )e various chemical molecules
present in the plant extracts that may be used for bio-
reduction of metal salts are, for example, flavonoids, alka-
loids, terpenoids, and polyphenols (Figure 2).

4.2. Biosynthesis of AgNPs. )e three major biological
sources for synthesizing AgNPs are bacteria, fungi, and plant
extracts. Plant extracts can be used as reducing and capping
agents in the synthesis of AgNPs. )e components involved
in the biological synthesis of nanoparticles include a solvent
medium for synthesis, an environmentally friendly reducing
agent, and a nontoxic stabilizing agent [24]. )e plant ex-
tracts consist of various components such as enzymes,
amino acids, polysaccharides, and vitamins that act as en-
vironmental friendly reducing agents. Moreover, a review by
Sharma et al. [64] has shown that AgNPs can be successfully
synthesized using bioorganic compounds.

(i) Antimicrobial agents 
(ii) Wound healing agents

(iii) Catalytic agents
(iv) Photodynamic therapy

Biosensor
Bioimaging

(i)
(ii)

Metal ion

Natural
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Biogenic
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nanoparticles 
Green

synthesis

Therapeutics

(i) Targeted drug
delivery systems 

(ii) Drugs,
biomolecules, etc. 

Diagnosis
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Figure 1: Potential applications of biogenic metal nanoparticles in nanomedicines.
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Biological synthesis of nanoparticles involves two
mechanisms, namely, enzymatic and nonenzymatic re-
duction. Synthesis of nanoparticles using the enzymatic
reduction method involves nicotinamide adenine di-
nucleotide phosphate-dependent reductase; however, the
rate of reduction achieved using this method is slower than
that using the method involving nonenzymatic reduction,
which is usually faster, and the chemical reaction involved is
identical to that of enzymatic reduction, except that mi-
croorganisms or plants are used as reducing and stabilizing
agents. In addition, nonenzymatic reduction can be per-
formed in extreme conditions such as high pH or tem-
perature, which accelerates the synthesis [39]. Additional
details on different methods of synthesizing biogenic AgNPs
have been described by Firdhouse and Lalitha [100]. Recent
developments in biosynthesis AgNPs and their potential
therapeutic applications are listed in Table 2.

4.3. Biosynthesis of AuNPs. )e application of AuNPs in
nanomedicine is depends on their size, shape, and stability.
AuNPs should ideally have a high surface area, disperse well
in an aqueous medium, and have good stability at room
temperature for an extended period. AuNPs tend to ag-
gregate and form larger particles, because they have large
surface area [109].

)e methods of preparation of AuNPs are based on the
reduction of gold (III) chloral hydrate in a chloroauric acid
(HAuCl4) solution. A protecting agent is required in the

synthesis of AuNPs that prevents further growth and ag-
glomeration of particles by adsorbing onto the surface of the
nanoparticles. )us, it is important to control the size and
shape of AuNPs by using proper reduction and agitation
methods, selecting an appropriate type and concentration of
a protecting agent, and controlling the conditions of synthesis,
such as temperature, pH, stirring, and the use of external
fields. Green reducing and stabilizing agents are mostly found
in plants [110, 111], algae, bacteria, and fungi [112].

Steric and electrostatic repulsions of surface charge are
present on the nanoparticles [113]. )e biodistribution of
AuNPs in the body is strongly dependent on their size and
surface charge. Findings from a previous study indicate size-
dependent accumulation of AuNPs in various organs, and
the extent of accumulation in various organs depends on the
charge of the AuNPs, which is mediated by dynamic protein
binding and exchange [114]. )e three types of AuNPs are
positively charged AuNPs, neutral AuNPs, and negatively
charged AuNPs. AuNPs with different surface charges show
dose-dependent toxicity and can disrupt the cell morphol-
ogy. Unlike the neutral AuNPs, the positively and negatively
charged AuNPs induce mitochondrial stress [115].

Among the various routes of biosynthesis of AuNPs,
the method involving the reduction of gold ions Au (III) to
Au (0) using plant extracts in solution phase has gained
considerable attention in the recent years. Plant extracts
are renewable, are made using environmentally friendly
aqueous medium, are nontoxic in nature, have less toxic
byproducts, and require mild reaction conditions [116].
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)erefore, synthesis of AuNPs using plant extracts is more
popular than synthesis using other biosynthetic methods,
because the plant extract can also act as a stabilizer in the
synthesis of AuNPs [117]. Many plants have been suc-
cessfully used for rapid and efficient extracellular synthesis
of AuNPs.

In a plant extract-mediated bioreduction of AuNPs, the
aqueous plant extract is added to gold chloride, also known
as chloroauric acid (HAuCl4), solution at normal room
temperature and pressure [117]. )e reaction is typically
completed within a few minutes. )e change in color from
a pale greenish to a purplish red color indicates the for-
mation of gold nanoparticles. A previous report has de-
scribed the biosynthesis of AuNPs using plants andmicrobes
and the antimicrobial activity of these nanoparticles [118]. In
addition, other applications of biogenic AuNPs are de-
scribed in a review by Menon et al. [119].

In addition to various plants and microbes, marine
sources have been used as reducing agents for the green
synthesis of AuNPs. Carrageenan oligosaccharide derived
from marine red algae was used as a reducing and capping
agent to obtain AuNPs that exhibited antitumor activity
against HCT-116 and MDA-MB-231 cells [120]. Moreover,
an extract obtained from upcycling sea wastes by jellyfish
(Nemopilema nomurai) was used successfully as a reducing
agent to obtain AuNPs that showed antitumor and anti-
inflammatory activities [121]. In addition, a recent study
showed a green method of synthesizing AuNPs by upcycling
cartilage waste extract from yellow-nose skate (Dipturus
chilensis) [122]. Various biological or natural sources for
synthesizing AuNPs are shown in Figure 3.

4.4. Chitosan as a Reducing and/or Stabilizing Agent.
Chitosan is an extensively investigated biomolecule for the
synthesis of metallic nanoparticles. Previous studies have
shown that chitosan can be used as a protecting or a stabi-
lizing agent [16, 42]. Moreover, chitosan has been used as
a reducing agent in the synthesis of metallic nanoparticles.

Chitosan (a (1⟶4) 2-amino-2-deoxy-b-D-glucan) is
a naturally abundant biopolymer obtained by alkaline
deacetylation of chitin [123]. Chitosan is a positively
charged polysaccharide that consists of glucosamine
and N-acetylglucosamine residues. Chitosan is less toxic,

nonimmunogenic, biocompatible, and easily degradable by
enzymes [124]. )e concentration and molecular weight of
chitosan affect the stability, morphology, and the size of the
synthesized nanoparticles [18, 125].

Recently, chitosan was used to produce silver-based
bionanocomposites. )e extract obtained from the stem
of Saccharum officinarum was used as a reducing agent to
form AgNPs and chitosan-Ag bionanocomposites. )e
antibacterial activity of silver-based chitosan bionano-
composites was the highest against Pseudomonas aeruginosa
(ATCC 9027) followed by that against Bacillus subtilis
(MTCC 3053), Klebsiella planticola (MTCC 2277), Strep-
tococcus faecalis (ATCC 8043), and Escherichia coli (ATCC
8739). )e difference between the antibacterial activities of
AgNPs and nanocomposites has not been compared in
a previous study [105]. Chitosan was used to coat AgNPs
biosynthesized using seaweed polysaccharide fucoidan. )e
chitosan-coated AgNPs had biocidal and anticancer effects.
A previous study showed that E. coli was more sensitive than
S. aureus to treatment with the same concentration of
chitosan-coated AgNPs, whereas the anticancer activity was
associated with the alteration in the morphology and loss of
cell adherence [108].

Several studies have investigated and showed the capa-
bility of chitosan as a stabilizing and reducing agent in the
synthesis of AuNPs. Huang and Yang [125] used the naturally
occurring polysaccharide chitosan as a reducing and stabi-
lizing agent to obtain cationic chitosan-stabilized AuNPs.)e
AuNPs did not show the obvious signs of aggregation after
being stored for more than two months, which indicated
a high stability of the AuNPs. In addition, their results showed
that chitosan itself could reduce the gold salt to zero-valent
AuNPs without the addition of any other reducing agents.
Interestingly, the addition of tripolyphosphate into chitosan
solution before the reduction of gold salt influences the size
distribution and shape of particles, and thus in addition to
spherical particles, polygonal particles are obtained [125]. In
addition, chitosan is used to reduce and stabilize AuNPs using
a two-step technique at low temperatures that involves an
initial reaction at room temperature (6 h) followed by a sec-
ond reaction at 35°C (1 h) [126].Moreover, chitosan-stabilized
AuNPs developed to analyze uric acid levels were prepared at
high temperatures, which involved stirring and heating the
mixture of HAuCl4 and chitosan at 85°C [127].

Table 2: Sources and potential applications of recently biosynthesized AgNPs in nanomedicine.

No. Source of extract Application Reference
Plant
1. Euphorbia milii leaf Wound healing agent [101]
2. Cestrum nocturnum Antibacterial agent and an antioxidant [102]
3. Sida cordifolia Antibacterial agent against selected fish and human pathogens [103]
4. Ligustrum ovalifolium fruits Anticancer agent (tested on human ovarian carcinoma cell lines) [104]
5. Saccharum officinarum stem Antibacterial agent [105]
6. Cuscuta reflexa Antibacterial agent for wound dressing made from fungal chitosan [106]

7. Coptis chinensis rhizome Antibacterial agent (AgNPs were coated with chitosan to enhance
their antibacterial activity) [32]

Marine
1. Fucoidan isolated from Spatoglossum asperum Antibacterial agent [107]
2. Fucoidan isolated from brown seaweeds Antibacterial and anticancer agent [108]
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)e electrostatic forces between tetrachloroaurate ions
(AuCl4̄) in the solution and the amino groups in chitosan
play an important role in the stabilization and formation of
AuNPs [125]. Moreover, the charge transfer from polar
groups present in chitosan, for example, hydroxyl or amino
groups, can reduce the gold ions to neutral atoms [128].
)us, chitosan not only acts as a good reducing agent for
green synthesis, but also acts as a stabilizing agent in the
formation of AuNPs.

4.5. Characterization of Metallic Nanoparticles.
Characterization is necessary in controlling the outcome of
the study and to control the properties of the product.
Moreover, characterization of metallic nanoparticles is
necessary to evaluate the result of surface modification,
particularly in the case of nanoparticles functionalized with
biomolecules. Different instruments and techniques have
been used to evaluate the physical characteristics of the
nanoparticles. Characterization of nanoparticles involves
determination of different parameters such as particle
crystallinity, morphology, size, and surface area.

4.5.1. AgNPs. )efirst indication of formation of nanoparticles
is color change. A change in color from yellow to brown in-
dicates the formation of AgNPs. Further, UV-spectrometry is
used to confirm the formation of nanoparticles on the basis of
their SPR. UV-spectrometry is one of the easy techniques to
verify the formation of metallic nanoparticles provided the
metal has SPR. Silver nitrate solution used to form AgNPs
shows a maximum absorbance of around 436nm [129].

)e morphology and particle size of AgNPs is de-
termined using transmission and scanning electron mi-
croscopy (TEM and SEM) and atomic force microscopy
(AFM). Further, dynamic light scattering and X-ray dif-
fraction is used for the analysis of particle size distribution
and crystallinity, respectively [45].

4.5.2. AuNPs. Several factors play important roles in de-
termining the morphology, size distribution, and stability of
synthesized AuNPs, such as the concentration of the pre-
cursor (Au3+) ion, selection of an appropriate solvent for the
extraction of phytochemicals, reaction temperature, and
nature of the stabilizing agent [130]. AuNPs are charac-
terized using different techniques such as UV-Vis spec-
troscopy, Fourier-transform infrared (FTIR) spectroscopy,
TEM, and by using a zetasizer system.

Formation of AuNPs can be determined by UV-Vis spec-
troscopy by measuring the absorbance band in the visible
region of localized surface plasmon resonance (LSPR) of
AuNPs. A strong absorbance band is observed in the range
of 500 to 600 nm. )e AuNPs exhibit a distinct optical
feature in that the collective oscillation of electrons in the
conduction band of AuNPs is in resonance with a specific
wavelength of the incident light.)e particle size of AuNPs
is strongly related to the SPs, and therefore, SPs can be
used to study the size of the AuNPs. For example, AuNPs
of 40 nm produced using a chemical method show a SP
peak at 520 nm. AuNPs synthesized using microorganisms
and a chemical method show absorbance peaks within
the range of 500 to 600 nm as shown in Figure 4 [131].

FTIR data are used to identify the functional groups
while TEM is used to determine the particle size and
structural morphology of AuNPs. TEM, which uses a mag-
nifiedmicrograph to measure particle size, is used to identify
the mean diameter and size distribution of the AuNPs [132].
In addition, particle size affects the appearance of the AuNPs
in that an increase in particle size results in a change in the
color of AuNPs from pink to blue, and this may be attributed
to the changes in SPs of AuNPs.

4.6. Drawbacks. Green synthesis has some limitations.
Nanoparticles synthesized using this method may be con-
taminated by pathogenic bacteria during the purification
process, and thus these nanoparticles should be carefully used

Plants

(i) Phytochemicals
(ii) Enzymes, amino

acids, vitamins, and
polysaccharides

Bacteria 

(i) Thermophilic
bacteria

(ii) Marine bacteria

Fungi

(i) Filamentous fungi
(ii) Enzymes e.g.

laccase Polymers
(i) Chitosan and

derivatives
(ii) Polyethylene glycol

(PEG), etc.

MarineAU (III)
(ion/salt)

AuNPs

(i) Algae
(a) Carrageenan

oligosaccharides 
(b) Fucoidan, etc.

Figure 3: Various biological/natural sources for the synthesis of AuNPs.
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for medical applications [39]. In addition, several studies have
shown that metallic nanoparticles, including biogenic ones
can cause toxicity, including nephrotoxicity and neurotox-
icity. AgNPs synthesized using a chemical method and bio-
genic AgNPs showed similar toxicity in vitro and in vivo [133].
Furthermore, similar to the chemically synthesized AgNPs,
biogenic AgNPs cause neurotoxicity owing to their capability
of binding to the free acetylcholine enzyme (AChE) and the
enzyme-substrate (AChE-acetylcholine) complex [134].

5. Closing Remarks

Development of biogenic metallic nanoparticles, particularly
AgNPs and AuNPs, has received increasing attention because
of their potential applications in many fields, including
nanomedicine. Green development of these nanoparticles is
important to avoid the adverse effects on the human body and
environment that are commonly associated with chemically
synthesized metallic nanoparticles. Although biogenic me-
tallic nanoparticles are considered to be safer than chemically
synthesized nanoparticles; several studies have shown similar
toxicities of both types of nanoparticles. Further studies
should be performed to investigate the potential toxicity,
including chronic toxicity, of biogenic nanoparticles to
minimize the risks to human health.
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