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ABSTRACT

The use of medicinal plant resources in the biosynthesis of metallic nanoparticles (MNPs) is remarkable in nanobiotechnology for its
unique physicochemical and biological properties such as morphological diversity, large surface area by volume proportion, conductivity,
stability, dispersity, and toxicity to microbes, or cancerous cells. Active phytochemicals or bioactive compounds in various medicinal
plants such as flavonoids, phenolic acids, terpenoids, steroids, ascorbic acids etc. are capable of the bio-fabrication of various MNPs
during the green synthesis. The biosynthesis method has a great potential to improve the manufacture of nanoparticles (NPs) without
using any harmful and costly materials or chemicals that have been widely used in other traditional processes. The present review aims
to describe the biosynthesis of metallic NPs using medicinal plant extract as a reducing and stabilizing agent. This review also focuses
on the current state of various characterization techniques and basic features of various NPs and explores their possible uses in various

biomedical sectors shortly.
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INTRODUCTION

anoscience is the study of materials within the nanoscale

dimension (10° meter) and deals with their size and
structure-dependent characteristics related to the appearance
ofindividual atoms or molecules or variations relevant to the bulk
content. The exceptional features of nanomaterials have been
affected by the variance in their precise characteristic features,
including morphology, stability, conductivity, optical, and
catalytic properties. The biomolecules functionalized NPs have
been used to inactivate the surface defect, leading to a decrease
in cell line toxicity. According to the chemical composition,
nanomaterials have been classified into four types which
include inorganic-based nanomaterials (IBNs), organic-based
nanomaterials (OBNs), carbon-based nanomaterials (CBNs), and
composite-based nanomaterials (COBNs) (Rawani et al., 2013;
Wang and Wang, 2014; Behravan et al., 2019). It is a fundamental
construction block of this technology and has excellent benefits
by connecting between bulk and atoms or molecules (Thakkar
etal.,2010; Khan etal., 2017a). NPs are commonly used in various
biomedical fields as antimicrobials, anti-cancerous agents,
biosensors, drug delivery and DNA analysis tools, and also in
the wastewater treatment plant, moreover as a catalyst for
various physicochemical and biological reactions (Park, 2003;
Bora and Dutta, 2014; Zhang et al., 2016). Inorganic-based NPs
have been classified into two major categories, i.e., metallic NPs
and metal oxide NPs (Jeevanandam et al., 2018). Scientists and
researchers have drawn their keen interest in this cutting edge
technology to synthesize different metallic nanoparticles which
include Silver nanoparticles (AgNPs), Gold nanoparticles (AuNPs),
Copper nanoparticles (CuNPs), Palladium nanoparticles (PdNPs),
and Platinum nanoparticles (PtNPs) having their versatile
applications (Kanchana et al., 2010; Umer et al., 2014; Tippayawat
etal., 2016; Thirumurugan et al., 2016; Ocsoy et al., 2017b). Top-
down and bottom-up approaches are two significant ways
of synthesizing various NPs (Fig. 1). The top-down technique
includes a process of breaking down the bulk construction
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Green Synthesis of Metallic Nanoparticles

to generate tiny particles. Thermal or laser ablation, gamma
radiation, electron radiation, sputtering, mechanical, or ball
milling are common physical methods involved in the top-
down method (Kulkarni and Muddapur, 2014). The bottom-up
method provides an alternative route either combined with
the top-down approach or its involvement in the synthesis of
material through atom by atom, and/or molecule by molecule
through the sol-gel method, spray pyrolysis, aerosol process,
chemical or electrochemical deposition, and chemical reduction
or biological-reduction (Pantidos and Horsfall, 2014).

The physical system applied in the top-down method is
highly expensive and time-consuming. The involvement of
some toxic materials such as dimethyl formamide, hydrazine,
and sodium borohydride is a major disadvantage in the chemical
reduction method (Iravani et al., 2014).

Conventionally, metallic nanoparticles (MNPs) have been
synthesized by the reduction of metal ions in presence of toxic
chemicals as well as synthetic stabilizers. But its application
in biomedical sectors has been hampered by toxicity issues.
The biosynthesis of NPs using different biological entities has
been explored as an economical and environmental-friendly
method and which is the substitute for the traditional physical
and chemical methods. Medicinal plant extract mediated
synthesis of NPs is an approach in green chemistry that links
nanotechnology and plant biotechnology. Antimicrobial
drug resistance in pathogenic microorganisms is one of the
most serious universal public health problems in this century.
The effectiveness of chemotherapy wanes for several causes,
including the emergence of drug resistance in parasites or
cancer cells. MNPs have a wide range of applications, but
their antibacterial, anti-tumorigenic, and anti-inflammatory
properties are the most explored and desired. In this context,
various NPs were biosynthesized and reported simultaneously
in the literature. Full elaboration goes beyond the reach of this
inquiry as the present review is unique to selected MNPs. Thus,
this present article focuses on medicinal plant extract mediated
biosynthesis of MNPs, biophysical characterization of NPs and
their versatile biocidal properties.

BiosYNTHESIS oF METALLIC NANOPARTICLES

Biosynthesis of MNPs has been emerged as the most promising
area in nanotechnology by wide involvements of natural
products. NPs have been synthesized using different medicinal
plants, microorganisms, fungi, and algae in green synthesis
methods. Natural products comprise a range of flavonoids,
phenolic compounds, terpenoids, alkaloids, polysaccharides,
proteins, enzymes, and amino acids that reduce and stabilizing
agents. These phytochemicals in medicinal plants can also
act as a capping agent, which performs a crucial role in the
biosynthesis of NPs by providing a scaffold without using
chemicals from outside (Baldemir et al., 2017; Ocsoy et al.,
2017a; Ovais et al., 2018 Koca et al., 2020). The biosynthesis
process depends on several reaction parameters, including
concentration and quantity of the metal salt, the quantity of
plant extract, pH conditions, temperature, and reaction time
(Table 1). The size distribution of biosynthesized MNPs has been
recognized from the spectroscopic method. A comparative
investigation has been carried out to explore the effects of
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different AQNO3 concentrations on the preparation of AgNPs.
It is reported that the UV-vis spectra of AgNPs were achieved
at various AgNO3 concentrations, whereas the plant extract
concentration was kept constant (7.5 mL) at 90°C for 2 hours. It
was perceived that, as the concentration of AgNO3 increased,
the maximum absorbance (Amax) shifted from 447 nm (1 mM) to
455 nm (5 mM), indicating a slight increase in particle size (Khan
et al., 2013). The SPR band of CuNPs became prominent with
increasing the extract concentration, as reported by Amaliyah
et al. (2020) using both sonication and stirring methods, and
the highest peak intensity was reached at the maximum extract
concentration. They observed that, when reaction temperatures
dropped, SPR absorption increased, indicating the production
of larger particles in both stirring and sonication methods and
acidic pH can cause inactivity of specific biomolecules present
in the plant extract led to the smaller size of the produced
NPs. Jamdade et al. (2019) reported that the intensity of the
UV-spectra increased until 5 hours, after which there was no
significant increase, indicating that the bioreduction process had
been completed in 5 hours. The facile one-pot green synthesis
of MNPs using medicinal plant extract is presented in Scheme-1.

The earlier study on the TEM micrograph of the biosyn-
thesized AgNPs using Lampranthus coccineus aqueous plant
extract or hexane extract showed an average particle size of
10.12 nm or 27.89 nm respectively. Whereas, the same volume
of Malephora lutea aqueous plant extract or hexane extract was
used and the particle size of 8.91 nm or 14.48 nm was achieved
(Haggag et al., 2019). The rate of plant extract-mediated green
synthesis of different MNPs is also very high as compared to
microbial-mediated synthesis. Some et al. (2020) reported that
the biosynthesis of nano-silver using leaf extract of the mulberry
plant was established by the changing of colour of the solution
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Scheme 1: Medicinal plant extract mediated biosynthesis of
metallic nanoparticles
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from yellowish to light brown within 10 minutes. The light
brown colour was changed to dark brown which confirmed the
accomplishment of the reaction after 1 hour. In a separate study,
Matei et al. (2020) described that the synthesis of AgNPs was
confirmed after 24 hours incubation of cell-free culture of Lactic
Acid Bacteria (LAB) with aqueous AgNO3 solution by chang-
ing the color to dark brown. The use of plant extracts further
reduces the expenses of microbial culture, thereby improving
the viability for the synthesis of NPs using microorganisms.
The biomolecules in the green extracts perform a significant
role in regulating the morphological variations of MNPs. The
biosynthesis process involves the use of fewer reagents and
non-hazardous precursors. The entire reaction occurs in an
aqueous medium at room temperature, unlike as compared
with conventional methods (Das et al., 2017; Aritonang et al.,
2019). The biosynthesis of numerous MNPs using medicinal

plant extracts has been explored by eminent scientists and
researchers across the globe, which is presented in Table 2.
The plant extract has been prepared from different parts of the
medicinal plants. A study has shown that aqueous leaf extracts
of Dendropanax morbifera Léveille containing AgNO; solution
became dark brown after 1 hour, but the solutions containing
HAuCl4 turned dark ruby red in 3 minutes at 80°C. The size and
morphology of NPs have been varied based on the nature of
plant extract and metal salt used (Wang et al., 2016).

An earlier study has shown that isoquercetin, sophoraisofla-
vanone A, and cyclomorusin (flavonoids), mangiferin xanthonoid
and gallic acid (phenolic compounds), and kazinol B and stig-
masterol are recognized as predominant phytochemicalsin the
leaf of Morus indica L. V1 and performed a pivotal role for the
bioreduction of Ag* to form AgNPs. In the biosynthesis mecha-
nism, AgNO; dissociates into Ag™ (silver) and NO;” (nitrate) ions.

Table 1: Summary of protocol for biosynthesis of metallic nanoparticles

Concentration(s)
Metal salt of metal salt Biogenic Quantity of Reaction
MNPs used and/ quantity sources plantextract ~ pH Temperature time References
AgNPs AgNO, 1 mM; Prosopis 100-140 pL - 50-70°C 4 hours Salarietal.,
9mL farcta 2019
(Banks & Sol.)
J. F. Macbr.
AgNPs AgNO; 1 mM; Nigella 10 mL - Environment  5-120 Chahardoli
90 mL arvensis L. temperature minutes etal,2018
AgNPs AgNO; 1-5.5 mM; Pulicaria 1-10 mL - 90°C 2 hours Khanetal.,
90-99 mL glutinosa 2013
(Boiss.) Jaub.
& Spach
AuNPs HAuCl, 3H,0  1TmM; Euphorbia 99 mL - Room - Ghramh
1mL peplus L. temperature etal, 2019
AuNPs HAuCl, 3H,0 1TmM; Origanum 0.25-2 mL 2.5-3.2 85°C 1 minute  Benedec
20 mL vulgare L. etal., 2018
AuNPs HAuCl, 3H,0  1mM; Euphrasia 5mg/10mL - 37°C 3 hours Liuetal,
10 mL officinalis f. 2019
curta Fr.
CuNPs CuS0O, 5H,0 100 mM; Piper 20-100 mL 4-10 25-80°C - Amaliyah
25mL retrofractum etal., 2020
Vahl
CuNPs CuSO,. 5H,0 1T mM; Gnidiaglauca 5 mL each - 100°C 15-60 Jamdade
95 mL (Fresen.) minutes etal, 2019
Gilg and
Plumbago
zeylanica L.
PdNPs PdCl, 1 mM; Camellia 50 mL 7.5-5.6 40°C 2 hours Azizietal,
50 mL sinensis (L.) 2017
Kuntze
PdNPs PdCl, TmM; Evolvulus 10 mL - 60°C 6 hours Gurunathan
100 mL alsinoides etal., 2015
(L) L.
PtNPs H,PtCl, 6H,0  1mM; Dioscorea 5mL - 100°C 6 hours Ghosh et al.,
95 mL bulbifera L. 2015
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Table 2: Medicinal plants used in green synthesis of MNPs

Plants Name Usedpart  NPs synthesized Shape Size (nm) References
Allium sativum L. B Ag Spherical 3-6 Otunola etal., 2017
Bacopa monnieri (L.) Wettst. L Pt Spherical 5-20 Nellore etal., 2013
Borago officinals L. L Ag Spherical and 30-80 Singh etal., 2016
Hexagonal
Brassica oleracea L. | Cu Spherical ~48 Prasad etal., 2016
Camellia sinensis (L.) Kuntze L Ag Spherical 27.9-50.2 Kharabi Masooleh et al., 2019
Cannabis sativa L. St Au and Ag Spherical Au: 12-18 Singh etal., 2018
Ag: 20-40
Capsicum frutescens L. F Ag Spherical 3-18 Otunola etal., 2017
Dendropanax morbifera L Au and Ag Polygonal and Au: 100-150 Wang et al.,, 2016
Léveille Hexagonal Ag: 10-20
Eleutherococcus senticosus St Ag and Au Cubical Ag: 126 Abbai et al., 2016
(Rupr. & Maxim.) Maxim. Au: 189
Euphrasia officinalis f. curta Fr. L Au and Ag Quasi- Au:49.72+1.2 Singh etal., 2017
spherical Ag:40.37+1.8
Glycyrrhiza uralensis Fisch. R Au and Ag Spherical Au: 12.25 Huo etal., 2018
Ag:8.01
Justicia glauca Rottler L Au Hexagonaland  ~32.5+0.25 Emmanuel etal., 2017
Spherical
Phyllanthus emblica L. Sd Pd Spherical 28+2 Dinesh etal., 2017
Punica granatum L. Sd Cu Semi-Spherical ~ 40-80 Nazar et al., 2018
Selaginella myosurus Alston Wp Ag Spherical 58.81 Kedietal., 2018
Swertia paniculata Wall. Wp Ag Spherical 31-44 Ahluwalia et al., 2018
Zingiber officinale Rosc. Rz Ag Spherical 3-22 Otunola etal., 2017

Abbreviations: B: Bulb; F: Fruit; I: Inflorescence; L: Leaf; R: Root; Rz: Rhizome; Sd: Seed; St: Stem; Wp: Whole plant

Two H* ions release from flavonoid compounds and two O°
reduce two Ag* to form Age°. Another study suggested that
-OH and -COOH groups in gallic acid were accountable for
the reduction of Ag* to Age. Gallic acid was oxidized into its
corresponding compound quinine and absorbed through
electrostatic interaction between carboxylic acid groups of
phenolic acid on the surface of the NPs. Moreover, phenolic acid
molecules on the surface of NPs form H bonds with neighboring
molecules (Some et al., 2019; 2020). Banerjee and Nath (2015)
reported that -OH, -C=0, and -NH functional groups in the
unique phytochemicals which include dibenzoyl-L-tartaric
acid, 2,4-di-tert-butylphenol and 2,4-dichloro-6-phenyl-1,3,5-
triazine and performed as reducing and stabilizing agents in
the biosynthesis of AgNPs and which were isolated from the
bark extract of Saraca asoca (Roxb.) Willd. Ahmad et al. (2019)
proposed that Gallic acid interacts with Au™ ions owing to
binding affinity and discharges electrons which reduce the
Au3* into Au®. In this reaction, a gold intermediate complex
was formed, and which was further oxidized to form quinones
and AuNPs. Quinones might be attached to the AuNPs surface
by carbonyl groups and created a repulsive force that prevents
their agglomeration and improved their long-term colloidal
stability. Formation of the AuNPs was finished by complete
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reduction of Au™ and which was specified the colour change
of the solution from yellow to red (Ismail et al., 2018). Hazarika
etal. (2017) observed that the formation of PANPs is confirmed by
the change of colour of the solution from orange to dark brown
after adding the plant extract to Palladium (Il) acetate [Pd(OAc),]
solution. In the presence of plant extract the formation of
Platinum () was identified by the change in the color, which
turned into brown from light yellow and for PtNPs, it turned to
black from brown (Thirumurugan et al.,, 2016). The formation of
CuNPsis ensured by changes of color of the solution from blue to
pale bluish-green (Rajesh et al., 2018). The plausible mechanism
for the biosynthesis of MNPs is presented in Fig. 2.

CHARACTERIZATION OF METALLIC
NANOPARTICLES

Different instrumental methods have been applied to
understand the shape, size, crystallinity, elemental conformation,
and other biophysical features of NPs. Ultraviolet-visible
spectrophotometer, Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), energy-
dispersive X-ray spectroscopy (EDS/EDX), Raman spectroscopy,
different electron microscopy (TEM/HRTEM/SEM), atomic force
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Fig. 2: Phytochemical mediated reduction of metal ions
and MNPs synthesis

microscopy (AFM), particle size analyzer, and X-ray diffraction
(XRD) have been used as sophisticated instruments to
characterize synthesized NPs (Joshi et al., 2008; Mourdikoudis
etal., 2018; Mondal et al., 2021).

Spectroscopic Methods

UV-vis spectroscopy is a suitable and dependable method
for the presumptive characterization of synthesized NPs.
This spectroscopic method quantitatively measures the
concentrations of the absorber in the solutions containing the
ions of transition metal. It has also been used to monitor the
synthesis and stability of NPs by determining the absorbance
at the UV-visible spectral region (Sastry et al., 1998; Soovili et al.,
2006). Each NP has a unique optical property, which makes
them strongly interact with specific wavelengths of light. The
interaction of synthesized MNPs and light contributes to a
polarization of free conduction of electrons (e") in respect to the
much stronger ionic center of NPs, resulting in electron dipolar
oscillation and the presence of a surface plasmon resonance
(SPR) band at a wavelength of light (Some et al., 2019). In addition,
UV-vis spectroscopy is a rapid, easy, simple, sensitive, and
selective analytical technique for the measurement of different
types of NPs within a short period (Begum et al., 2018). In a studly,
it was observed that maximum absorbance was recorded at 423
nm within 10 minutes in coconut water-mediated biosynthesis of
nanosilver (Elumalai et al., 2014). The spectrum of biosynthesized
AuNPs using Mentha piperita oil showed a narrow peak, which
was observed at 530 nm (Thanighaiarassu et al., 2014). The
Alchornea laxiflora leaves extract mediated green synthesized
CuNPs displayed maximum absorption at 364 nm (Olajire
etal., 2018). Jeyapaul et al. (2018) confirmed that the SPR band
displays a redshift value at 260 nm, which was established by the
reduction of Pt** ions to form PtNPs. Azizi et al. (2017) conveyed
that, Camellia sinensis extract mediated biogenic PANPs showed
a maximum absorbance peak at 410 nm. In this experiment, an
aqueous extract of white tea displayed an intense absorption
peak at 250 nm indicated the presence of flavonoids. But there
is some limitation in this technique. The separate peaks for NPs
having different sizes are not observed in UV-vis spectroscopy.
The polydisperse colloidal particles exhibited a wide SPR band
in comparison with monodisperse colloidal particles that
indicate a narrow band. At a high concentration of 10 mM, solute
molecules in the solution can induce the specific distribution of
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charges on their neighboring species. Therefore, AFM or TEM/
SEM has been applied much more reliable techniques for further
characterization of NPs (Tomaszewska et al., 2013).

The FT-IR is another analytical method, which has been
used to recognize the functional groups of biomolecules
existing in plant extract and which is responsible for the
bioreduction of metal salt. This analytical technique calculates
the absorption of the infrared spectrum by the sample
materials. The infrared absorption bands detect the molecular
components of the sample. The absorption of the IR region of
the spectrum by various molecules endorses shifts between
the rotational and vibrational energy levels of the ground
electronic energy state (Devaraj et al., 2013; Song et al., 2020).
IR spectroscopy also provides the benefits of persistent
activity and low downtime relative to gas chromatography
and low expense and structural accuracy as opposed to mass
spectroscopy. A sample IR beam is guided through the sample
chamber in a traditional IR spectrophotometer and calibrated
against a reference beam at each wavelength of the spectrum.
The complete spectral zone must be scanned slowly to obtain a
good quality spectrum (Doyle, 1992; Ismail et al., 1997). IR peak
at 3333 cm™ has identified the hydroxyl group (H-bonded OH
stretch). The peak has been observed at 2917 cm™ conforms
to asymmetric and symmetric stretching of methylene group
(=CH,). The absorption bands at about 3400, 1650, 1595, 1400,
and 1100 cm™’ corresponded to C-H, C=0, -OH, C=C and C-OH
groups (Murthy et al., 2018). The peaks have been observed
at 1643 cm™ and 1629 cm™ indicating the stretching vibration
of alkenes (-C = () and alpha, beta-unsaturated aldehydes,
and ketones (C = 0). The band above 3417 cm™ specified the
occurrence of O-Hand N-H stretching vibrations (Ranjitha et al.,
2018). Geetha et al. (2013) observed that, the flower extract of
Couroupita guianensis Aubl. showed the absorption bands at
1648, 1383, 1288, and 1073 cm™' confirmed to -C=C- (stretch
of alkynes), C-N (stretching vibration of aliphatic amines), C-O
(stretch of alcohols) and C-N (stretching vibrations of aliphatic
amines or alcohols/phenols). These functional groups were
capable to reduce, and a new band seemed at 1744 cm’
which indicates the -OH group is changed into -CHO to reduce
Au*** to Au’. Beg et al. (2018) ensured in their study that
absorption bands at about 1545, 3250, 3158, 1732, and 3565
cm™' corresponded to COOH, NH, N-O, CO, and OH functional
groups which performed as reducing and stabilizing agents
in Spathodea campanulata P. Beauv. leaf extract mediated
biosynthesis of AgNPs. Hassanien et al. (2018) described that;
biosynthesized CuNPs displayed an extensive peak in 3410
cm™ owing to O-H groups. The absorption bands at 1028,
1783, 1615 and 2949 cm™ are associated with C-OH bending,
C-H asymmetric stretching, C=0 of aromatic rings, and C=C
stretching respectively. The Gloriosa superba tuber extract
displayed an absorption band at ~3300cm™', which is precise
for the hydroxyl group of alcoholic and phenolic compounds,
which remain unchanged even after NPs synthesis. But
the bands observed at 1049, 1218, 1369, and 1737 cm™ are
specific for the C-O-C bond in ether, unassigned amide mode,
CH; bend, and the stretching of C=0 bond remain altered
after biosynthesis of PtNPs and PdNPs (Rokade et al., 2018).
FTIR frequency range and functional groups present in the
plant extract are presented in Table 3.
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Table 3: FTIR frequency range and functional groups
present in the plant extract

Frequency range (cm™") Functional groups

3565 -OH (hydroxyl)

3410 -OH (hydroxyl)

3250 =NH, (amine)

3158 N-O

2949 C-H (asymmetric stretching)

1783 C=C (stretching)

1732 C=0 (carbonyl)

1648 -C=C- (stretch of alkenes)

1615 =0

1545 -COOH (carboxyl)

1383 C-N (stretching vibration of aliphatic
amines)

1288 C-O (stretch of alcohols)

1073 C-N (stretching vibrations of
aliphatic amines or alcohols/
phenols).

1028 C-OH( bending)

The XPS is a quantitative spectroscopic technique focused on
the photoelectric influence that can categorize the elements
that occur within a substance or cover its surface, as well as its
chemical condition and the total electronic configuration and
intensity of the electronic state in the sample (Seah and Dench,
1979). Ajitha et al. (2015) reported the strong signal of Ag 3d (~370
eV) specifies the incidence of Ag metal. The C 1s band detected
at a binding energy of ~285 eV attends as a reference to the
correct binding energy shift and it also stems from biomolecules
of leaf extract encapsulated to nano-silver. The spectrum also
contains O (~531 eV), Cl (~198 eV), S (~163 eV) and P (~133 eV)
elements in their corresponding binding energy sites due to the
interface of bio-active compounds of leaf extract with AgNPs.
Biosynthesized AuNPs have undoubtedly displayed the presence
of oxygen (O 1s), carbon (C 1s) and gold (Au 4f) by their peaks
centered around of 532, 284, and 85 eV, respectively. XPS data
revealed that more hydroxyl groups (—C-OH) are expended to
reduce a larger number of Au** ions and decrease of C-O signal in
AuNPs (where the concentration of HAuCl,, was fixed at 5.3 mM)
approves that hydroxyl groups contribute to the biosynthesis
reaction (Rodriguez-Leon et al., 2019). The high-resolution
narrow scans (Pd 3d) of the biosynthesized PANPs exhibited
binding energy peaks at 335.26 and 340.6 eV corresponding
to the spin-orbit splitting components Pd 3d 5/2 and Pd 3d
3/2, respectively, which is the characteristic of Pd in the zero-
oxidation state. The PtNPs gave the Pt 4f 7/2 signal at 71.5 eV
can be assigned to zero-valent platinum (Rajasekharreddy and
Rani, 2014). The EDX has been used to identify the elemental
composition of materials using an X-ray technique (Zheng
et al., 2011). Metallic nanosilver typically exhibits a normal
optical absorption band at around 3KeV due to SPR. EDX data
displayed strong silver and weak signals of chloride and carbon
bands, which specify that the reduction of Ag+ to Ag° may be
originated from the bio-molecules involved in the surface of the
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AgNPs (Velavan and Amargeetha, 2018). Hazarika et al. (2017)
reported that, the incidence of Pd along with the signals of
otherelements such as N, O, and Sin the spectra of EDX. Raman
spectroscopy (RS) has been included under the family of spectral
analyses made on molecular media based on inelastic scattering
of monochromatic light (Javier, 2014). Green synthesized AgNPs
have been characterized by Raman study in the range of 125 -
4000 cm™. RS exhibited the prominent peaks at 673.53 cm™ (C-S,
bending), 1035.87 cm™ (C = S, bending), 1359.92 and 1549 cm”’'
(N =N, stretching), and 2213.73 cm™ (C=C, stretching) (Sharma
etal., 2018). The IR spectra are the effect of absorption of definite
frequencies of wavelength thus changes an electric dipole
situation and displays IR bands. The RS confirms the electrical
polarizability of molecules (Sharma et al., 2009).

Microscopic Methods

Transmission electron microscopy (TEM) is a microscopic
method in which a beam of electrons is transmitted through
a sample or specimen (preferably size less than 100 nm) to
form an image. The image is magnified and displayed onto an
imaging device which includes a photographic plate, fluorescent
screen or a sensor such as a scintillator attached to a charge-
coupled device (Asadabad and Eskandari, 2014). It has been
broadly used as a technique to characterize the shape and size
of NPs. The particles are placed by a drop onto the copper grid
for analysis (Maji et al., 2017a). Moodley et al. (2018) reported
that the biosynthesized AgNPs are seemed well dispersed and
spherical in shape using TEM. The investigation exposed the
AgNPs to possess a narrow size distribution range with average
sizes of 11+4.3nm and 9+4.2nm using freeze-dried and fresh
leaf samples of Moringa oleifera. A high-resolution transmission
electron microscopic (HRTEM) study observed that the biogenic
PdNPs appeared flower-like aggregations and which were made
up of the self-assembled discrete NPs appearing from multiple
directions (Majumdar et al., 2017). A study perceived that TEM
pictures established the hexagonal and pentagonal shape of
the synthesized PtNPs having in the size range of 10-30 nm
(Dobrucka, 2019). In an investigation, volume mean diameter
(VMD) and sauter mean diameter (SMD) of NPs were measured
as 56.06 and 56.09 nm, which specifies the closer values of the
two parameters with each other. The values are also specified
that the biosynthesized NPs are spherical and confirmed by TEM
(Kharabi Masooleh et al. 2019).

Field emission scanning electron microscopy (FE-SEM) is
another tool for the morphological analysis of NPs. The sample
is exposed in SEM to the high-energy electron beam and gives
information about topography, morphology, composition,
chemistry, the orientation of grains, crystallographicinformation
(Akhta et al., 2018). Before analysis NPs are sonicated thoroughly.
Now it is placed on the coverslip and allowed to dry under
vacuum at room temperature (Maji et al., 2017b). In the
microscopic study, SEM images offer an overall idea about the
crystallographic properties of the biosynthesized AgNPs. The
SEM data exposed the size of biogenic AUNPs was measured
between 50-80 nm (Nasiri and Nasiri, 2016; Islam et al., 2019). In
the characterization of NPs, TEM is a better imaging tool, but
SEM or T-SEM imaging in combination with EDX is a quick and
practical instrumental technique to evaluate the morphology
including size and elemental composition (Rades et al., 2014).
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SEM images revealed the cubical, spherical, and truncated
triangular forms of the biosynthesized AgNPs. SEM images
of the CuNPs also show the cubical and spherical structures,
with an extended conformation. Biogenic AgNPs and CuNPs
were 40-100 nm and 10-70 nm in size, respectively (Arya
etal., 2018). The AFM is a category of high-resolution scanning
probe microscopes (SPM) in material science. The SPMs are
premeditated to analyze the local properties, including height,
friction, and magnetism (Sun, 2018). AFM study observed the
two-dimensional image of biosynthesized AgNPs, and are
monodispersed and spherical in shape with an average size
range between 10-25 nm. The study also demonstrates three-
dimensional and topographical images of AgQNPs (Daphedar and
Taranath, 2018). There are some limitations in AFM which include
(i) It can only scan a single nano-sized image at a time of about
150 x 150 nm, (ii) They have a low scanning time which might
cause thermal drift on the sample, (iii) The tip and the sample
can be damaged during detection, and (iv) It has a limited
magnification and vertical range (Mokobi, 2020).

Diffraction and Light Scattering Study

XRD is a distinctive analytical technique for the determination
of the crystallinity of NPs. The presence of intense peaks
has confirmed the face-centered crystalline (fcc) nature of
synthesized NPs (Bunaciu et al., 2015). Some et al. (2020) conveyed
the crystallinity of biogenic AgNPs which was directed in the
range of 20° < 20 < 80° at 40 keV using an X-ray diffractometer
and operated at 9 kW and CuKa radiation (A = 1.54056 A). The
PowderX software has been used to calculate the lattice fringe
of the crystals. Priyadarshini et al. (2018) showed the Bragg
diffraction angle (26) at 38°, 44.5°, 64.7°, and 77.7° indexed to
the 111,200, 220, and 311 reflections of fcc nature of AQNPs. The
crystalline nature of NPs is also detected from the selected area
electron diffraction (SAED) pattern. A report was noted that four
bright circular rings were consigned to (111), (200), (220) and (311)
perceived in the SAED pattern were the characteristic reflections
of fcc crystalline AgQNPs and AuNPs (Abbai et al., 2016; Singh
etal.,2017). The average size of NPs is measured by using Debye-
Scherrer’s equation (equation 3) (Singh and Vishwakarma,
2015).

D=KA/(Bcos6) (1)

Where D: size of crystallites (nm), K: 0.9 (shape factor), A:
wavelength of X-ray, : full width at half maximum in radians of
diffraction peak and 0: Bragg diffraction angle (degree).

There are some limitations to the XRD study. X-ray does
not interrelate very powerfully with lighter elements and the
intensity is 102 times less than that of electron diffraction
(Norton, 1937).

The particle size distribution of NPs has been measured by
the dynamic light scattering (DLS) analyzer. It is based on the
Brownian motion of dispersed particles. The relation between
the speed of the particles and the particle size is agreed by
the Stokes-Einstein equation (4). The speed of the particles is
specified by the translational diffusion coefficient D (Achuthan
etal., 2011).

kgT 2)
énnr

D=
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Where D: Translational diffusion coefficient [m?/s] - “speed of the
particles”, kg: Boltzmann constant [m?kg/Ks’], T: Temperature
[K], n: Viscosity [Pa.s], r: Hydrodynamic radius [m]. Z-average
size is a parameter used in DLS and is also known as the
cumulative mean. It is the most stable and prime parameter
produced by the method. It gives statistical data about the
hydrodynamic size, kinetics of the aggregation process, poly-
dispersity index (PDI), and surface properties of the NPs (Lim
et al,, 2013). The hydrodynamic diameter (d,) is a sphere with
the same coefficient of translational diffusion as the particle
being measured, assuming a layer of hydration surrounding
the particle or molecule. The hydrodynamic size of AgNPs
is larger perhaps due to the encapsulation of bio-molecules
(Anandalakshmi et al., 2016). Zeta potential (ZP) measurement
is an analytical technique for determining the stability of NPs
by their surface charge in a colloidal system. NPs with ZP values
> +30 mV or < -30 mV usually have high degrees of stability
(Clogston and Patri, 2011). In a study by Chaudhuri et al. (2016),
the particle size distribution was investigated through DLS and
it was observed that the peaks were at 5.85 nm and 77.48 nm.
PDI of biosynthesized AgNPs is 0.378 (<1) indicating that NPs are
stable even after nine months of storage and uniform size range.
The stability of biogenic AgNPs was examined by measuring
ZP, and the value was recorded at -16.0 mV. Some et al. (2020)
conveyed that the nano-silver in Mueller Hinton broth (MHB)
and DMEM/F12 medium had a hydrodynamic size of 25.3 and
50.5 nm, respectively. The d,, differs from the composition of the
medium. There is some limitation in DLS study which includes
temperature and solvent viscosity. The temperature must be
retained constant, and solvent viscosity must be known for a
reliable study. It is a low-resolution method that often cannot
separate closely related molecules (Stetefeld et al., 2016).

BiocipAL PROPERTIES OF METALLIC
NANOPARTICLES

Metallic NPs have been using in a wide range of products, and
a number of them have been utilized as biocides due to their
antimicrobial or antifungal properties (Mackevica et al., 2016;
Sangaonkar and Pawar, 2018). Smaller NPs are more effective
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Fig. 3: Mode of action of AgNPs against microbial cell
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than larger ones due to their easy dispersion into cells. After
infiltration into the cell, NP generates reactive oxygen species
(ROS) and free radicals that destroy the plasma membrane and
nucleic acids and also trigger the inhibition of cell multiplication
and program cell death (Siddiqi et al., 2018) (Fig. 3). Wang et al.
(2017) measured the toxicity effect of NPs on Photobacterium
phosphoreum by superoxide production, measured by
continuous flow chemiluminescence (CFCL) detection system.
Apart from ROS production, NPs inhibit the enzyme activity
of urease and DNA polymerase of bacteria (Khan et al., 2017b).

Quorum sensing (QS) is a regulatory mechanism based on
cell population density, utilizing tiny signaling molecules or
autoinducers to achieve virulence gene expression and biofilm
formation (Ghosh et al., 2014). Ravindran et al. (2018) observed
the counter QS and anti-biofilm properties of biosynthesized
AgNPs against a nosocomial pathogen, Serratia marcescens. Shah
etal.(2019) investigated the anti-QS and anti-biofilm properties
of AgNPs against Pseudomonas aeruginosa PAO1.

Antibacterial Activity

NPs have been studied broadly for their promising antimicrobial
activity. A study observed the potential of biomolecules capped
AgNPs against Gram-positive and Gram-negative bacteria such
as Bacillus cereus, Staphylococcus aureus and Escherichia coli, P.
aeruginosa (Maliszewska and Sadowski, 2009). Buszewski et al.
(2018) revealed in their investigation that 8-48 nm bio-active
nanosilver showed strong antimicrobial activity against P.
aeruginosa, S. aureus, and Proteus mirabilis, followed by E. coli,
Klebsiella pneumoniae, and Bacillus subtilis. Abbai et al. (2016)
compared the antibacterial activity of Eleutherococcus senticosus
(Rupr. & Maxim.) Maxim. (A noble medicinal plant, popularly
known as Siberian ginseng) extract mediated biogenic AgNPs
and AuNPs by the disc diffusion assay in terms of the zones of
inhibition. In this investigation, AgNPs showed antibacterial
potential against S. aureus (ATCC 6538), Bacillus anthracis
(NCTC 10340), Vibrio parahaemolyticus (ATCC 33844), and E. coli
(BL21) whereas AuNPs did not show any inhibitory activity
against the above isolates. Another investigation observed the
potential of Mussaenda glabrata (Hook.f.) Hutch. ex Gamble leaf
extract mediated biogenic AgNPs and AuNPs by well diffusion
pathway. These MNPs exhibited antimicrobial activity against
both Gram-positive and Gram-negative bacteria such as
Bacillus pumilus (MTCC 1640), S. aureus (MTCC 96), P. aeruginosa
(MTCC 424) and E. coli (MTCC 443) (Francis et al., 2017). Shende
et al. (2015) concluded in their study that Escherichia coli was
most sensitive to biogenic CuNPs followed by K. pneumoniae,
P. aeruginosa, Propionibacterium acnes and Salmonella typhi.
According to Kandi and Kandi (2015), NPs have been extensively
used as an antibiotic alternative. Nanoscale materials’ potential
antimicrobial activity should be considered a fruitful signal of
the utility as antimicrobial agents against multiple drug-resistant
pathogens. Antony et al. (2011) suggested that bio-encapsulated
AgNPs are more effective against pathogenic bacteria compared
to chemically synthesize naked AgNPs. In a separate study,
Chahar et al. (2018) exhibited that, bio-conjugated AgNPs,
manufactured using different plant sources have cumulative
antibacterial properties against Salmonella enteric typhi and
P. aeruginosa than AgNPs synthesized by different chemicals.
Nikitina et al. (2007) explored that, aqueous plant extracted
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polyphenols exhibited significant bactericidal efficiency
against Gram-negative and Gram-positive bacteria. Gallic acid
is a predominant phenolic compound in the plant extract and
exhibited antimicrobial efficacy by rupturing cell membranes
due to the change of surface hydrophobicity and decrease
of negative surface charges (Borges et al., 2013). Therefore,
medicinal plant extract mediated bio-encapsulated AgNPs
warrant outstanding bacterial inhibition compares to naked
AgNPs or bio-active compounds alone.

Antifungal Activity

Apart from antibacterial properties, it has been reported by
several investigations that NPs have strong antifungal activity.
A study observed that AgNP showed strong antifungal activity
against three different species of Candida like C. albicans, C.
glabrata and C. tropicalis (Khan and Mushtaq, 2016). Bhagat
et al. (2018) studied the antifungal experiment using the food
poisoning technique. They observed that the growth of mycelia
of fungi like Bipolaris specifera, Fusarium oxysporum, Aspergillus
niger, and Curvularia lunata was inhibited by nanosilver
treatment. Wani et al. (2013) investigated that; AuNPs showed
fungicidal activity against Candida sp. through inhibiting H (+)
-ATPase mediated pumping mechanisms. It was demonstrated
that the AgNPs strongly inhibited the fungal growth of Alternaria
alternata and Botrytis cinerea by damaging cell walls compared
with CuNPs and Ag/CuNPs (Ouda, 2014). In another experiment
CuNPs at the concentration 450 mg/L inhibit the 93.98% growth
of Fusarium sp. in 9 days incubation period (Viet et al., 2016).
Therefore, NPs may be used as a wonderful broad-spectrum
antifungal drug to control human and plant pathogenic fungi.

Cytotoxicity

Biosynthesized NPs have an extensive range of applications in
nanobiotechnology. Due toits fundamental properties, stability,
and biocompatibility, it has been employed as a drug delivery
vehiclein the biomedicalfield. Hybrid MNPs (Au-Ag) have arobust
toxic effect against different carcinoma cell lines like HCT116,
4T1, HUH7, and HEK293 (Katifelis et al., 2018). Selvi et al. (2016)
found the cytotoxic potentiality of AgNPs against MCF-7 breast
cancer cell line by an MTT assay. The MTT assay is a colorimetric
analytical technique to assess cell viability. The assay analyzes
the reduction of a yellow dye MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) to produce an insoluble
blue product formazan by a mitochondrial enzyme, succinate
dehydrogenase (Riss et al., 2013). Inflammatory reactions and
cell death are both regulated by caspases enzymes. In an
investigation, the amount of caspase 3 and 9 production in AGNP
and extract-treated MCF-7 cells was compared to the untreated
control group to confirm the apoptosis or program cell death.
AgNPs caused DNA damage, endoplasmic reticulum stress,
protein misfolding, and apoptosis by activating caspases 3 and
9 and other ROS. Caspase 3 has shown to cleave and translocate
caspase-activated DNAse (CAD) upon activation, resulting in
DNA fragmentation (Ullah et al., 2020). The intracellular apoptosis
is stirred by the release of the mitochondrial cytochrome C
and the loss of mitochondrial membrane potential (AWm). A
study has shown that conjugation with papain-inspired gold
nanoparticles (5F-PpGNPs) significantly augmented the potency
of 5-Fluorouracil (5-FU) by acting synergistically. As a result,
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the increased anti-proliferating impact of 5F-PpGNPs over
the pure drug would be a significant step toward overcoming
chemotherapeutic drug resistance in lung cancer cells and
would be of tremendous benefit during lung cancer therapy
(Li etal., 2020). Due to their higher metabolic rates and intrinsic
higher levels of (mitochondrial) ROS the cancer cells are likely
to show an elevated basal level of oxidative stress compared
to the normal cell lines. In addition, ROS is generated by the
various NPs, resulting in inflated toxic effects compared to non-
cancerous counterparts (Han et al., 2014; Maksoudian et al., 2020)
(Fig. 4). The previous study reported that the biogenic AgNPs
displayed dose-dependent toxicity (50-250 pug/mL) against
human hepatocellular cancer cell line (HepG2) compared to
hepatic fetal human epithelial normal cell-line (WRL-68) (Some
et al., 2019). Therefore, MNPs may be used as a noble anti-
tumorigenic agent in the field of cancer therapy.

Anti-parasitic Activity

NPs have recognized new attention as anti-parasitic therapeutic
agents. Entamoeba histolytica is a hostile protozoan causing
amoebic dysentery in developing countries (Showler and
Boggild, 2013). Cryptosporidium parvum is another pathogenic
protozoan causing cryptosporidiosis, a parasitic enteric disease
of mammals (Suler et al., 2016). Saad et al. (2015) reported that
AgNPs exhibited anti-parasitic activity against Entamoeba
histolytica and Cryptosporidium parvum. The LC50 value of
AgNPs was found to be 0.34 and 0.54 mg/l against the above
two parasites. Leishmaniasis is an internecine parasitic disease
caused by Leishmania protozoan and spread by the bite of sand
fly (Phlebotomus sp.). Skin sores are the symptoms of cutaneous
leishmaniasis, and visceral leishmaniasis influences several
inner organs such as spleen, liver, etc. (Herwaldt, 1999). The
anti-leishmanial potential of bio-compatible AgNPs has also
been tested against promastigote of Leishmania donovani with
an LC50 value of 51.88 +3.51 ug/mL compared to its prescribed
drug miltefosine (Baranwal et al., 2018). El-Khadragy et al. (2018)
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suggested that, biogenic AgNPs exhibited outstanding efficacy
against Leishmania major compared to common antimonial
treatment undoubtedly by improving the in-vivo antioxidant
activity. AgNPs have been revealed to have prominent
larvicidal and pupicidal characteristics on the malarial vector
Anopheles stephensi and dengue vector Aedes aegypti at 0.25
percent dosage (Nalini et al., 2017). Toxoplasmosis is another
parasitic disease caused by Toxoplasma gondii. Alajmi et al.
(2019) suggested that biosynthesized AgNPs have been used
as unique therapeutic attitudes for interference against the
progressive liver damage related to toxoplasmosis. Nowadays
rapid emergence of drug resistance in the parasite is a major
drawback in disease management (Ahmad et al., 2015).
Therefore, NPs would be an effective potential against parasites
and an alternative larvicide for the control of vector-borne
diseases with an eco-friendly approach.

CoNcLUSION

Biosynthesis of NPs is a substitute for traditional chemical and
physical methods. Synthesis of different MNPs via the green
route is more useful than standard chemical techniques as the
green strategy decreases toxic chemicals, heavy pressure, and
thermal environments. It also plays a key role in keeping an
environmentally friendly strategy in an efficientand manageable
period. The rich biodiversity leads to better availability of plants
and also the wide variety of alkaloids, flavonoids, terpenoids,
phenolic etc. have potent bio-reducing properties in the
presence of metallic salts. Especially medicinal plants have
greatimportance for noble biomolecules that exist in the plant
extract, which perform as both reducing and stabilizing agents.
In this current article, we want to focus on the simple accessibility
of raw materials, cost-effectiveness, and eco-friendly nature
of the green biosynthesis project. It is also discussed here
that green-based synthesis techniques can provide NPs with
regulated size and morphology. Additionally, the biosynthesized
NPs is indispensable to their potential use in various biomedical
applications and in drug delivery. AuNPs and AgNPs are more
active against microbes as they have wonderful antimicrobial
activity against several bacteria and fungi. Bio-reduced CuNPs,
PdNPs, and PtNPs also demonstrated an excellent bactericidal
effect against pathogenic microorganisms. In-vitro synthesis
of MNPs via green route may have a future path towards the
efficient use of green synthesized NPs in the shipment of drugs,
water treatment, antioxidants, catalysts, anti-inflammatory
agents, anti-cancerous drugs, in addition to which the interest
is also in the efficient channeling of waste in the atmosphere to
safeguard our environment, as this is a subject most discussed
and worried around the globe. Hopefully, this article will find
a new way for upcoming research and will be a milestone in
future Nano-biotechnological research to synthesize MNPs via
a green approach.
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