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Preface

Silver nanoparticles (AgNPs) have emerged as a prominent nanomaterial in the
biomedical and agriculture sectors owing to their unique physicochemical properties.
In the realm of nanotechnology, it is imperative to establish reliable and environment-
friendly approaches to the production of nanoparticles (NPs), as the conventional
methods are expensive, harmful, and detrimental to the environment. To facilitate
overcoming these issues, biological sources such as plants, bacteria, fungi, and
biopolymers have been utilized to produce AgNPs, which can serve as both reducing
and capping agents. This study focuses on the research on plant-assisted synthesis of
AgNPs, an emerging area in nanotechnology, and their biological applications. Silver
nanoparticles, usually with sizes less than 100 nm and consisting of 20—15,000 silver
atoms, exhibit unique physical, chemical, and biological characteristics in comparison
to their larger precursor materials. AgNPs have distinct physical and optical
characteristics, along with tailored biochemical functionality achieved by controlling
their size and shape. These features render them highly potential for various
applications, including as antimicrobial agents, anticancer therapy, drug delivery
carriers, anti-diabetic agents, wound healing, and biosensors. Although AgNPs have
therapeutic benefits, it is crucial to prioritize gaining a deeper understanding of their
mechanisms in order to expand their potential applications in nanomedicine, including

diagnostics, therapeutics, and pharmaceuticals.

This thesis is broadly divided into seven chapters. Chapter 1 provides a general
introduction, while chapter 2 focuses on reviewing the literature. Chapter 3 describes
the synthesis and characterization of silver nanoparticles using Mikania micrantha and
Acmella ciliata leaf extract. Chapter 4 provides a detailed account of the free radical
scavenging activities of silver nanoparticles derived from Mikania micrantha and
Acmella ciliata (in vitro and ex vivo). The chemical composition of the extract
typically influences the antioxidant effects of silver nanoparticles, and these attributes
generally enhance as the concentration of AgNPs increases. Chapter 5 describes the
antioxidant-mediated ameliorative of Acmella ciliata silver nanoparticles activity

against doxorubicin-induced toxicity in Dalton’s Lymphoma Ascites (DLA) bearing

viii



mice. This study found that biosynthesized AgNPs from A. ciliata leaf extract offers
outstanding protections against cardiotoxicity and hepatotoxicity caused by DOX in
DLA-bearing mice possibly by elevating the activities of antioxidants and reduction
of lipid peroxidation. Chapter 6 gives an in-depth investigation of the antimicrobial
activity exhibited by Mikania micrantha and Acmella ciliata silver nanoparticles. Our
findings validate the concept that silver nanoparticles are appropriate for developing
novel microbiocidal agents. Chapter 7 describes the cytotoxicity and anti-cancer
activities of silver nanoparticles synthesized from Mikania micrantha and Acmella
ciliata leaf extract against type-II human lung adenocarcinoma (A549) cells. Our study
demonstrates the cytotoxic effects of AgNPs on human lung adenocarcinoma A549
cells by targeting the apoptotic pathway which is the preferred cell death pathway for

any novel drug candidate.
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Chapter 1

Chapter 1

Introduction

Nanotechnology has emerged as an interdisciplinary approach in biochemical
applications, offering a broad scope of applications in fields including diagnostics,
biomarkers, cell labelling, antimicrobial agents, drug delivery, and cancer therapy (Al-
Sheddi et al., 2018). The term "nanotechnology"” refers to the use of nanoscale
phenomena in the creation, characterization, fabrication, and implementation of
materials and systems. Increased public funding for nanotechnology research and
development over the past decade reveals that nanotechnology will lead to an
unparalleled period of productivity and prosperity (Roco, 2003; Gonzalez et al., 2013).
The persistent application of nanotechnology in research and development to produce
nanoscale items has the potential to profoundly impact human existence, economic
circumstances, and societal dynamics (Malik et al, 2023). Nanoparticles are
considered the fundamental units of nanotechnology, and the development of a
biological method for producing nanoparticles is emerging as a significant field within
nanotechnology (Ankamwar et al., 2005; Cataleya, 2006). Nanoparticles are small
particles with dimensions ranging from 1-100 nm, possessing remarkable thermal
conductivity, catalytic reactivity, non-linear optical performance, and chemical
stability due to their high surface area to volume ratio (Joseph et al., 2023). Certain
parameters such as size, distribution, and shape determine the novel or enhanced
features of the nanoparticles (Agarwal et al., 2017). There are different types of
nanoparticles, including carbon-based nanoparticles, metal nanoparticles, ceramic
nanoparticles, polymeric nanoparticles, and several more (Khan et al., 2019).

Noble metal nanoparticles have been garnering significant attention in recent
years due to their potential applications in the fields of medicine, biology, material
science, physics, and chemistry (Klgbowski et al., 2018). The intrinsic characteristics
of a noble metal nanoparticle are now known to be determined by its dimensions,
morphology, chemical composition, crystallinity, and structure, whether it is solid or
hollow. Metal nanoparticles possess a substantial specific surface area and a

significant proportion of surface atoms. AgNPs have attracted significant interest
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among numerous noble metal nanoparticles due to their distinct characteristics, such
as optimal electrical conductivity, chemical stability, catalytic capabilities, and
antibacterial properties (Kumar et al., 2004). Due to its high surface-to-volume ratio,
silver at the nanoscale exhibits distinct properties compared to bulk particles
composed of the same material (Ramamurthy et al., 2013). Silver nanoparticles
(AgNPs) are utilized in the advancement of cutting-edge technologies in the fields of
electronics, material sciences, and medicine. In view of their extensive applications in
numerous areas, scientists worldwide are currently conducting further studies on
AgNPs (Husain et al., 2023).

AgNPs can be synthesized through a vast array of methods, which are typically
classified into two primary synthetic routes: the top-down and bottom-up approaches.
Different methods, including biological, physical, chemical, photochemical,
electrochemical, radiolytic, and sonolytic, may be employed to AgNPs. While the
chemical synthesis technique allows for the rapid production of a large quantity of
nanoparticles, it necessitates the use of capping agents to maintain the size stability of
the nanoparticles. The chemicals utilized in the synthesis and stabilization of
nanoparticles are hazardous and result in the production of environmentally unfriendly
byproducts. The demand for environmentally friendly and non-toxic methods of
synthesizing nanoparticles has led to an increasing interest in biological methods that
do not involve the production of harmful chemicals. The physicochemical methods of
synthesizing silver nanoparticles have several drawbacks, including the use of toxic
chemicals, high temperature and pressure, and the formation of hazardous by-
products. Therefore, it is imperative to explore safer alternative methods for
synthesizing silver nanoparticles. Researchers have proposed using microorganisms
and plant compounds in bio-inspired synthesis for silver nanoparticles as an excellent
alternative to chemical methods, as it eliminates the need for toxic chemicals and high
temperatures.

The biological approach, also known as the green synthesis process, is
commonly categorized as a novel branch of nanotechnology called nanobiotechnology
(Rajoriya et al., 2017). The biosynthesis of AgNPs is primarily a bottom-up process
that involves reduction and oxidation reactions. Due to the single-step nature of the

process, compounds that possess both reducing and capping properties are currently
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preferred (Mohanpuria et al., 2008). Green synthesis involves utilizing biogenic
materials such as plant extracts, biopolymers, and microbial sources (such as bacteria,
fungi, algae, and yeast) to produce nanomaterials. Green chemistry focuses on
developing biocompatible, non-toxic, and environmentally friendly techniques for
producing AgNPs. Plant extracts, fungi, and bacteria are the three main sources that
contribute to the biosynthesis of AgNPs. During the process of biological synthesis,
the nanoparticles that are created are promptly enveloped by a protein molecule,
forming a natural protective covering that effectively prevents the formation of clumps
or clusters. The process of natural capping enhances the durability and stability of the
produced nanoparticles. The utilization of plant extract for synthesizing nanoparticles
has several advantages compared to microorganisms, including the simplicity of
scaling up the process, reduced biohazard risks and environmentally friendly
characteristics (Ahmed et al., 2015). Furthermore, the use of plant extracts has
garnered significant interest because of their ability to reduce the expense of isolating
and cultivating microbes, thereby improving the cost-efficiency of synthesizing
nanoparticles. Therefore, it is widely regarded as the most effective platform for the
synthesis of nanoparticles, as it is devoid of toxic chemicals and offers natural capping
agents to stabilize silver nanoparticles.

A silver metal ion solution and a reducing biological agent are the primary
prerequisites for the green synthesis of AgNPs. In the majority of instances, the
stabilizing and capping agents are provided by reducing agents or other constituents
that are present in the cells, eliminating the requirement for external capping and
stabilizing agents. The biological synthesis of AgNPs is facilitated by the abundance
of organic compounds such as carbohydrates, fats, proteins, enzymes, coenzymes,
phenols, flavonoids, terpenoids, alkaloids, and gums. These compounds have the
ability to donate electrons, which leads to the reduction of Ag* ions to Ag’. The
synthesis of noble AgNPs is a two-step process that begins with the reduction of Ag*
ions to Ag®, followed by the agglomeration and stabilization of the oligomeric clusters
of colloidal AgNPs (Iravani et al, 2014). Reaction temperature, metal ion
concentration, extract contents, reaction mixture pH, reaction duration, and agitation
are the primary chemical and physical parameters that influence AgNPs production.

Several physical and chemical factors, such as reaction temperature, pH of the reaction

3
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mixture, reaction duration, metal ion concentration, extract composition, and reaction
period, significantly influence the size, shape, and morphology of the AgNPs (Kora et
al., 2010).

Various analytical and spectroscopic methods are employed to determine the
properties of nanoparticles, including their nature, size, shape, distribution, stability or
aggregation state, morphology, elemental composition, and dispersity (monodisperse
or polydisperse). The uniformity of these characteristics is crucial in numerous
applications. The most frequently employed methods for characterizing nanoparticles
are as follows: UV-visible spectrophotometry, Fourier transform infrared
spectroscopy (FT-IR), Scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS) transmission electron microscopy (TEM), and X-ray diffraction
(XRD). UV-visible spectroscopy typically uses light wavelengths ranging from 300 to
800 nm to analyse metal nanoparticles with sizes ranging from 2 to 100 nm (Vijayaram
et al., 2024). FT-IR spectroscopy characterizes the surface chemistry of nanoparticles
and other surface chemical residues and is useful for detecting organic functional
groups (e.g., carbonyls, hydroxyls) adhered to the surface (Raj et al., 2021). Scanning
electron microscopy and transmission electron microscopy are employed to analyze
the structure and shape of compounds from nanometers to micrometers (Malatesta,
2021). Transmission electron microscopy exhibits a resolution that is 1000 times
higher than scanning electron microscopy (Brodusch et al., 2021). Energy dispersive
spectroscopy (EDS) is widely used to determine the elemental composition of metal
nanoparticles (Mishra et al., 2017). X-ray diffraction (XRD) is employed for the phase
identification and characterization of the crystal structure of the nanoparticles (Holder
and Schaak, 2019). X-rays penetrate the nanomaterial, and the resulting diffraction
pattern is compared with known standards to acquire structural information.

Nanoparticles produced using green methods have important functions in the
fields of medicine, clinical applications, and in vitro diagnostic applications
(Jayalakshmi and Yogamoorthi, 2014; Arumugam et al., 2015; Matussin et al., 2020).
AgNPs synthesized using green methods exhibit notable antibacterial (Gopinath et al.,
2014; Awwad et al., 2015), antifungal (Mallmann et al., 2015) and anti-parasitic
activity (Velayutham et al., 2013). AgNPs can induce cell wall damage, membrane

damage, or generate free radicals, which in turn lead to oxidative, DNA, or electron

4



Chapter 1

transport chain damage, ultimately leading to bacterial death (Chaloupka et al., 2010;
Gopinath et al., 2014). AgNPs serve as viable substitutes for pesticides in the treatment
and management of plant diseases, as well as efficient fertilizers that are
environmentally friendly and enhance crop yield (Singh et al., 2015). Moreover, green
nanomaterials are extensively used in the remediation of surface water, groundwater,
and wastewater that are polluted with hazardous metal ions, organic and inorganic
solutes, and microorganisms (Roy et al., 2021).

The imbalance between pro-oxidants and anti-oxidants within cells, caused by
changes in lifestyle and environmental pollutants, results in an overproduction of free
radicals in the body. Researchers have linked excessive free radicals to the oxidative
degradation of dietary products and acknowledge their significant role in the onset of
over 200 other pathophysiological conditions, such as atherosclerosis, cancer,
inflammatory illnesses, diabetes, and aging (Coyle and Puttfarcken, 1993). An
effective scavenger of these harmful free radicals could potentially be used as an
intervention to treat diseases caused by free radicals. Several plant-derived products,
including polyphenolic compounds such as flavonoids and tannins, are recognized for
their antioxidant properties (Agati et al., 2012). The antioxidant activity of phenolic
compounds is attributed to their strong affinity for metal chelation. Phenolic
compounds that contain hydroxyl and carboxyl groups have the potential to inactivate
iron ions by chelating and suppressing the superoxide-driven Fenton reaction, which
is considered to be the primary producer of reactive oxygen species (ROS). As a result,
plants that contain a high concentration of phenolic compounds are among the most
promising candidates for nanoparticle synthesis. Recent research has demonstrated
that NPs exhibit free radical scavenging activity in both in vitro and in vivo systems
(Ramamurthy et al., 2013; Du et al., 2013).

Silver nanoparticles are widely recognized as highly effective antimicrobial
agents in the fields of biology and medicine. They possess a potent biocidal impact
against a wide range of microbial species, thus rendering them valuable for decades in
the prevention and treatment of different diseases, particularly infections. Silver
nanoparticles are widely recognized as highly effective antimicrobial agents in the
fields of biology and medicine. They possess a potent biocidal impact against a wide

range of microbiological species, making them valuable for millennia in the
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prevention and treatment of different illnesses, including infections (Atiyeh et al.,
2007). The substantial surface area of AgNPs enables them to establish a more direct
connection with microorganisms, thereby ensuring that they exhibit effective
antibacterial properties at lower concentrations. Once AgNPs are introduced into a
pathogen, the particles release silver ions, which subsequently eliminate the pathogen.
Several mechanisms have been suggested to elucidate the activity of silver ions or
SNPs on bacteria, including: i) deactivation of the respiratory chain, ii) disruption of
the cell membrane and release of cellular contents, iii) binding to functional groups of
proteins, resulting in protein denaturation and cell death, iv) inhibition of DNA
replication, and v) denaturation of enzymes responsible for transporting nutrients
across the bacterial cell membrane (Kumar et al., 2004). These properties render nano-
silver an effective fatal agent against a wide range of bacteria, including antibiotic-
resistant strains, both Gram-negative and Gram-positive (Mohanty et al., 2012).

The proposed mechanism for anticancer activity of biogenic AgNPs is
apoptosis caused by nanoparticles through caspase-dependent and mitochondrial
dependent pathways (Arokiyaraj et al., 2014). It has been proposed that biogenic
AgNPs can enhance the efficacy of a specific anticancer drug by targeting it
specifically to specific cancer cells (targeted drug delivery), resulting in a reduction in
the dosage of the drug and a reduction in side effects due to their increased
biocompatibility and higher efficiency. The combination of biogenic silver
nanoparticles (AgNPs) with the cancer drug doxorubicin demonstrated a notably
increased anticancer effect in the B16F10 cell line in comparison to the drug coupled
with chemically produced nanoparticles. The morphology and dimensions of biogenic
AgNPs are linked to the mechanism of anticancer activity through the generation of
reactive oxygen species (ROS), which disrupts cellular homeostasis (Patra et al.,
2015). We anticipate that biogenic AgNPs may serve as a potential cancer therapeutic
agent in the near future, considering the challenges and novelty they present. The
demand for metal nanoparticles for a variety of applications is increasing at a rapid
pace, necessitating their industrial production in stabilized formulations through green
synthesis.

In this work, we have investigated the biosynthesis of AgNPs using leaves

aqueous extract of invasive aliens plant species i.e Mikania micrantha and Acmella
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ciliata. Invasive alien plant species (IAPs) are plants that are distributed outside their
native region either through intentional or unintentional means and may cause harm
to the environment. Mikania micrantha Kunth, commonly known as mile-a-minute, is
a significant invasive weed that possesses therapeutic benefits. It also poses a serious
threat to forests and crop plantations, negatively impacting the agriculture-based
economy of a country. According to the previous report, Mikania spp. contain a variety
of pharmacologically active compounds, such as flavonoids, sesquiterpenes,
diterpenes, coumarins, sesquiterpene lactones, and phytosterols or terpenoids, which
contribute to their medicinal properties and aid in the treatment of respiratory diseases,
rheumatism, fever, and influenza (Nayak et al., 2017). Acmella ciliata (HBK), also
referred to as the ‘toothache’ plant, is a herb of significant therapeutic value that occurs
extensively in tropical and subtropical regions (Jansen, 1985). The extracts of various
species of Acmella plants have demonstrated multiple beneficial properties, including
antimicrobial, antipyretic, local anaesthetic, insecticidal, antioxidant, aphrodisiac, and
vasorelaxant properties. These properties were primarily attributed to the presence of
various secondary metabolites, such as N-alkamides, phenolics, and flavonoids
(Lagnika et al., 2016; Kadir et al., 1989; Abeysiri et al., 2013; Rondanelli ef al., 2020;
Sharma et al., 2011; Wongsawatkul et al., 2008). In this study, we present the biogenic
synthesis of AgNPs that uses the aqueous extract of Mikania micrantha and Acmella
ciliata to reduce Ag" ions. We also explored the antibacterial properties of silver
nanoparticles produced using leaf extract, specifically targeting pathogenic bacteria.
Furthermore, we assessed the antifungal activity of the nanoparticles against
Curvularia pseudobracyspora, a rice pathogen. Additionally, we illustrated the
cytotoxic and anti-cancer properties of AgNPs by using the Type Il human lung
adenocarcinoma cell line A549 as our model, which showed substantial anticancer

activity.
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Chapter 2

Review of Literature

Nanotechnology

Nanotechnology refers to the manipulation and control of structures, devices,
and systems at the nanoscale scale, including their design, characterization,
production, and application (Bayda et al.,, 2019). Nanotechnology aims to develop
nanostructures with enhanced functions based on atomic, molecular and
supramolecular molecules and the term nanoparticle refers to particulate matter
ranging in size from 1-100 nm (Limongi et al., 2017). A nanoscale dimension has the
advantage of having a significantly large surface area-to-volume ratio (Iravani, 2011).

The significant expansion of nanotechnology has created new opportunities in
the field of materials science and engineering. This includes advancements in areas
such as bio-nanotechnology, quantum dots, surface-enhanced Raman scattering, and
applied microbiology (Medintz et al., 2008). The advancements in the organization of
nanoscale structures into predetermined superstructures guarantee that
nanotechnology will have a crucial impact on numerous vital technologies. It is
becoming increasingly significant in several fields, including mechanics, optics,
biomedical sciences, chemical industry, electronics, space industries, drug-gene
delivery, energy science, catalysis, optoelectronic devices, photoelectrochemical
applications, and nonlinear optical devices (Malik et al., 2023). Thus, controllably
generated nanometer-scale geranium quantum dots (less than 10 nm) could create
innovative optoelectronic device applications like light emitters and single electron
transistors (Wang and Herron, 1991). The capacity to adjust the optical absorption and
emission characteristics of quantum dots (nanoparticles made of semiconductors) by
basic modifications in the size of the nanoparticles is especially appealing for the easy
manipulation of material band gaps (Fendler and Meldrum, 1995) and the
development of quantum dot lasers (Ledentsov et al, 1996). Furthermore,
developments in nanotechnology are resulting in a new class of magnetic resonance
image contrast-enhancing agents, such as small particles of iron oxide and fullerenes

that encapsulate Gd3+ ions. Investigating and manipulating materials at the atomic
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and molecular levels, where characteristics differ significantly from those at higher
scales, is the domain of nanoscience (Chanda and Mohanta, 2016). It is a
multidisciplinary field that extends across the areas of physics, chemistry, biology,
and medicine (Hojjat and Hojjat, 2016). In 1974, Professor Norio Taniguchi of Tokyo
Science University provided the initial definition of nanotechnology as "the
manipulation and alteration of materials at the atomic or molecular level through
processes such as separation, consolidation, and deformation” (Bayda et al., 2019).
Nanotechnology is a scientific field that focuses on the creation, analysis,
investigation, and utilization of nanoscale materials with the goal of advancing
scientific knowledge (Shalaby et al, 2015). The role of nanotechnology and nano-
structured materials in science, research, the economy, and daily life is expanding as
more products based on these materials are introduced to the market (Nisha et al.,
2015). The development of innovative biosynthetic devices and environmentally
acceptable technologies for nanomaterial synthesis has led to the emergence of the
discipline of nanobiotechnology, which is the junction of biotechnology and
nanotechnology (Asha et al., 2016).
Green nanotechnology

Green nanotechnology refers to the utilization of green chemical concepts in
the creation of nanoscale products, the advancement of technologies for producing
nanomaterials, and the application of such nanomaterials. The integration of green
chemistry principles into nanotechnology has garnered significant interest and
attention in the last decade (Mohammadlou et al, 2016). Green chemistry is the
process of designing, developing, and implementing chemical products and processes
to reduce the use and generation of hazardous substances that have a detrimental effect
on human health and the environment (Moosa et al., 2015). Physical and chemical
approaches can be used to synthesize AgNPs; however, they are either costly or
involve the use of hazardous chemicals that are a threat to the environment (Gou et
al., 2015). The incorporation of non-toxic chemicals, ecologically friendly solvents,
minimal energy usage, moderate operating conditions, and renewable resources are
crucial factors that should be taken into account in a green synthesis strategy (Basu et
al., 2016).
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Nanoparticles

Nanoparticles with dimensions ranging from 1 to 100 nm function as a connection
between bulk materials and atomic or molecular structures (Khodashenas and
Ghorbani, 2019). The prefix "nano™ is derived from the Greek word "nanos," which
means “dwarf* or "extremely small* (Karthika and Sevarkodiyone, 2015).
Nanostructured materials, referred to as nanoparticles (NPs), exhibit distinctive and
enhanced characteristics due to their increased ratio of surface area to volume. There
are two main categories of nanoparticles (NPs): organic NPs and inorganic NPs.
Inorganic NPs encompass noble metal NPs, such as silver and gold, as well as

semiconductor NPs, such as titanium oxide and zinc oxide (Mathew et al., 2016).

Metallic nanoparticles

Noble metal nanoparticles are widely recognized for their significant
applications in the areas of electrical, magnetic, optoelectronics, and information
storage (Gratzel, 2001; Dai and Bruening, 2002; Murray et al., 2001). The intrinsic
characteristics of a noble metal nanoparticle are now known to be determined by its
size, shape, composition, crystallinity, and structure (whether it is solid or hollow)
(Shiraishi and Toshima, 1999). The potential applications of metal and semiconductor
nanoparticle synthesis have resulted in the development of novel technologies, leading
to an extensive area of research. Metal nanoparticles possess a substantial specific
surface area and a significant proportion of surface atoms. The distinctive
physicochemical properties of nanoparticles, including as catalytic activity, optical
properties, electronic properties, antimicrobial properties, and magnetic properties,
have attracted the attention of scientists due to their innovative synthesis methods
(Razavi et al., 2015). The production of metal nanoparticles has become a prominent
focus of study in modern material science over the last decade. Nano-crystalline silver
particles have been extensively utilized in several domains such as high sensitivity
biomolecular detection, diagnostics, antimicrobials, therapies, catalysis, and
microelectronics.

Silver nanoparticles (NPs) are a prominent type of noble metal NPs that serve
as highly effective substrates for surface enhanced Raman scattering to detect

individual molecules. Additionally, they exhibit exceptional catalytic properties,
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enabling them to accelerate various chemical reactions. Metal nanoparticles have
attracted considerable attention from the scientific community for decades owing to
their exceptional physicochemical characteristics, which often vary significantly from
those of bulk material. Due to the fact that nearly all of the properties in the nanoscale
regime are reliant on size and form, the synthesis of metal nanoparticles under control
has grown in importance in the field of advanced materials in recent years. The cost
and surface characteristics of as-prepared metal nanoparticles (NPs) will also be
determined by the synthesis approach, therefore controlled synthesis of metal particles
is highly desirable and has received a lot of attention (Lai et al., 2017). The most
intriguing and often utilized metals for the synthesis of nanoparticles (NPs) are gold
(AuNPs) and silver nanoparticles (AgNPs), which have inherent peculiarities
(Kesharwani et al., 2009). AgNPs are among the most popular due to their distinctive
physical, chemical, and biological characteristics in comparison to their counterparts,
gold and platinum (Sharma et al., 2009). Because of their exceptional qualities, such
as excellent electrical and thermal conductivity, surface-enhanced Raman scattering,
chemical stability, catalytic activity, and nonlinear optical behaviour, silver
nanoparticles are particularly intriguing to be utilized in the polymer composites
industries (Krutyakov et al., 2008).

AgNPs are recognized as powerful antimicrobial agents that exhibit a wide
range of effectiveness against bacteria (Ahmad et al., 2015). They are extensively
utilized in consumer products due to their optical features, which include a yellowish
tint in water and a distinct absorbance peak at around 420 nm (Lai et al., 2017).
Researchers are interested in silver nanoparticles due to their wide range of
applications in several fields, including integrated circuits, sensors, bio-labelling,
filters, antimicrobial deodorant fibres, cell electrodes, and antimicrobials (lravani,
2011). AgNPs possess distinct characteristics in the nanoscale system as a result of
their facile production and ability to undergo chemical alterations. Electronics,
material sciences, and medicine use AgNPs to advance their novel technologies. Due
to their wide-ranging applications in numerous fields, scientists worldwide are doing
further study on AgNPs (Husain et al., 2023). In contemporary times, nanoparticles,
particularly nano-silver, are commonly employed as an antibacterial agent in the

realms of medicine and the environment.
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Synthesis of Silver Nanoparticle

Silver nanoparticles (AgNPs) can be synthesized using a wide range of
technologies, typically classified into two primary approaches: top-down and bottom-
up procedures. Top-down approach: AgNPs are produced from their bulk materials by
various processes and procedures, such as thermal breakdown, irradiation, laser
ablation, and arc discharge, in the top-down (physical) approach. Bottom-up approach:
AgNPs are produced using a bottom-up (chemical and biological) method, wherein
their fundamental building elements react to produce AgNPs with the appropriate size
and shape.

The eco-friendly methods in chemistry and chemical technologies developed
out of concern for environmental problems. Hence, an ideal route for silver
nanoparticle synthesis that provides a simple, cost-effective, eco-friendly method is
required. Currently, there are several methods available to synthesize silver
nanoparticles.

(i) Physical method: Various physical methods are commonly used to produce
nanoparticles. These methods can be divided into two broad groups: (a) mechanical
methods, such as high energy ball milling and melt mixing, and (b) vapor methods,
such as physical vapor deposition, laser ablation, electric arc deposition, implantation
of ions, and sputter deposition (Bindhu et al., 2015; Giri et al., 2007; Ayyub et al.,
2001; Okuyama and Lenggoro, 2003; Nieman et al., 1991; Yoon et al., 2003). The
main limitations of these procedures include the incorporation of structural errors and
surface pollution during synthesis, as well as their reliance on advanced
instrumentation, resulting in elevated production costs.

(i) Chemical method: Chemical processes can also synthesize nanoparticles. It
consists of a range of methods that include coprecipitation, chemical reduction,
electrochemical, microemulsion, pyrolysis, phytochemical, sonochemical, and
microwave-assisted synthesis (Iravani et al., 2014; Katsuki et al., 2003). The chemical
method necessitates the use of hazardous, flammable, and difficult-to-dispose
reducing, capping, and stabilizing compounds. Furthermore, this technique exhibits
very few material transformations and substantial energy demands, giving rise to
environmental concern (Awwad et al., 2015). The chemical methods present a variety

of challenges, including the extensive use of hazardous substances, their lack of
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environmental friendliness, the need for expensive chemicals that require high energy
input, the requirement for advanced equipment, and the potential presence of toxic
chemicals adsorbed on the surface, which can lead to unacceptable toxic effects on
humans and adverse reactions in biomedical applications (Verma et al., 2015). Organic
and inorganic reducing agents, including sodium citrate, ascorbate, sodium
borohydride, and Tollen's reagent, are generally used to reduce Ag+ ions in aqueous
solutions (Yugandhar et al., 2015).
(ii1) Biological method: The latest advancements in green chemistry techniques for the
production of silver nanoparticles have demonstrated their significant potential in a
variety of biomedical applications. The production of silver nanoparticles utilizing
various biological sources has consistently been a captivating endeavour for scientists,
owing to its wide-ranging uses. Many researchers have used a variety of biological
sources, including microbial sources (such as bacteria, fungi, and their culture media)
and plant sources (extracts of leaves, roots, flowers, seeds, stalks, and fruits), to
synthesize silver nanoparticles. Various biologically derived biomolecules, such as
alkaloids, proteins, phenols, saponins, tannins, enzymes, and terpenoids, play a role in
reducing and stabilizing nanoparticles, which are of therapeutic interest (Kulkarni and
Muddapur, 2014).
Solvent system-based “green” synthesis

When it comes to the synthesis process, solvent systems are an essential
component, regardless of whether the synthesis is considered "green™ or not. Water is
universally regarded as an optimal and appropriate solvent solution for synthesis
activities. Sheldon asserts that the optimal choice for a solvent is none at all, and if a
solvent is essential, water is the ideal solution (Shanker et al., 2016). Water is the most
cost-effective and widely available solvent on the planet. Since the emergence of
nanoscience and nanotechnology, water has been utilized as a solvent for synthesizing
diverse nanoparticles. As an illustration, we synthesized Au and Ag nanoparticles in
an aqueous medium at ambient temperature using the bifunctional molecule gallic acid
(Yoosaf et al., 2007). A laser ablation method was used to produce gold nanoparticles
in an aqueous solution. The synthesized gold nanoparticles partially oxidize due to the
oxygen in the water, which ultimately increases their chemical reactivity and

significantly affects their growth (Sylvestre et al., 2004).
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Characterization

Characterization is a crucial stage after the synthesis of nanoparticles, and there
exist various physiochemical techniques for characterizing nanomaterials with the aim
of comprehending their crystallinity, size, shape, hydrodynamic radii, charge, and
surface functional groups. An in-depth analysis of nanomaterials through diverse
analytical techniques enables us to comprehend their biological behaviour upon their
introduction into the body. To evaluate the properties of nanomaterials, a range of
analytical techniques are currently employed. These techniques include UV-visible
spectroscopy for the purpose of detecting Surface Plasma Resonance (SPR) spectra,
XRD for surface crystallinity, TEM for size comprehension, SEM for shape analysis,
DLS for size and charge assessment, FT-IR for functional group detection, and XPS
for elemental composition analysis.

UV Spectrometry analysis: UV-vis spectroscopy is defined as absorption
spectroscopy within the UV-vis spectral region. Light wave lengths between 300 and
800 nm are commonly utilized to characterize various metal nanoparticles ranging in
size from 2 to 100 nm (Mittal et al., 2013). UV-vis spectroscopy is an important
approach for assessing the synthesis and stability of AgNPs in a water-based system
(Bar et al., 2009). Biosynthesized silver nanoparticles from mangosteen leaf have a
resolution of 1 nm between 300 and 700 nm, a scanning speed of 300 nm/min, and a
maximum absorbance of 438 nm via a UV-visible absorption spectrophotometer. The
synthesis of silver nanoparticles from a plant extract exhibits a peak absorbance at 430
nm, which progressively increases with the duration of the process. There is no
indication of light absorption in the UV-visible spectra range of 400nm—800nm for the
pure Solanum torvum plant extract. However, when the plant extract is subjected to
AgNO3 solutions, the highest level of light absorption is observed at 434 nm, which
is attributed to the creation of nanoparticles. UV-vis spectral analysis confirmed the
formation of stable silver nanoparticles in an aqueous colloidal solution containing
Jatropha curcas seed extract. Distinctive absorption bands corresponding to surface
plasmons are observed at a wavelength of 425 nm for silver nanoparticles produced
using a concentration of 10—3(M) AgNO3 and a specific volume fraction (f = 0.2) of

aqueous seed extract. The colour of the surface plasmon resonance band changed from
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reddish yellow to deep red as the concentration of silver nitrate solution increased from
10-3 to 10-2 (M).

Fourier Transform Infra-Red Spectroscopy: FT-IR is a spectroscopic
technique that analyses the molecular vibrations of chemical functional groups within
specific absorbance areas ranging from 4000 to 400 cm™ (Kassem et al., 2023). FT-
IR spectroscopy is used to determine the biomolecules that are potentially involved in
reducing, capping, and stabilizing AgNPs, as well as to analyse the molecular
environment of the capping agents on the nanoparticles (Chanda and Mohan, 2016).
The silver nanoparticles are stabilized by the carboxylate ions peak at 1450 cm™ (-
COO-) in the FT-IR spectrum of the S. torvum leaf extract, which exhibits peaks at
1648, 1535, 1450, and 1019 cm™. The utilization of seed extract from Jatropha curcas
in the process of selected area electron diffraction (SAED) reveals that the produced
silver nanoparticles possess a polycrystalline structure. The presence of three bands at
1744, 1650, 1550, and 1454 cm™! has been confirmed by FT-IR spectroscopy
measurements. The intense absorption at 1744 cm™! is attributed to the carbonyl
stretching vibration of the acid groups present in the extract. Synthesized AgNPs with
A. spicifera show intense FT-IR bands at 3351.28, 2633.71, 2083.50, 1637.18,
1082.87, and 712.34 cm™. They represent the presence of alcohols and phenols (O-H),
carboxylic acids and their derivatives (C=0), and chloroalkanes (CX), respectively
(Kumar et al., 2012). The FT-IR analysis of Gliricidia sepium indicate that the
absorption peak at around 1020 cm-1 can be attributed to the absorption peaks of -CO-
C- or -C-O-. The presence of a peak at approximately 1640 cm-1 signifies the presence
of amide | bonds in proteins. The amide bonds originating from the proteins serve as
the capping ligands for the nanoparticles (Rajesh et al., 2009).

X ray diffraction analysis: X-ray diffraction (XRD) is an invaluable method
for confirming the presence of AgNPs, determining their crystal structure, and
assessing the size of the crystalline nanoparticles. XRD pattern for the plant-assisted
synthesis of silver nanoparticles consists of photons with energy ranging from 100
electron volts (eV) to 100 kilo-electron volts (keV). Short-wavelength X-rays ranging
from 1-120 keV were used for diffraction applications (Shi et al., 2023). The XRD
patterns of silver nanoparticles synthesized from Jatropha curcas seed extract show

Bragg reflections with 20 values of 38.03°, 46.18°, 63.43°, and 77.18°, corresponding
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to lattice planes (1 1 1), (20 0), (22 0), and (3 1 1). These are indexed as the band for
face-centered cubic structures of silver, and the XRD pattern demonstrates the
crystalline nature of synthesized silver nanoparticles. Silver nanoparticles synthesized
from papaya fruit extract show three strong peaks ranging from 10° to 80, with an
average particle size of 15nm (Banala et al., 2015). The XRD patterns for silver
nanoparticles generated using Neem leaf broth show a number of Bragg reflections
that correspond to the (111), (200), (220), (311), and (222) sets of lattice planes (Ali
et al., 2023). Therefore, it is evident that the silver nanoparticles are produced through
the reduction of Ag* ions, which possess a crystalline structure (Shankar et al., 2004).

Scanning Electron Microscopy: SEM is a technique that produces an output
image by employing electrons in place of light and characterize the size, shape,
morphology and distribution of synthesized AgNPs (Zhang et al., 2016). The purity
and polydispersity of the resultant AgNPs are also indicated by the SEM micrographs
(Mittal et al., 2013). Scanning electron microscopy (SEM) confirmed the formation
of spherical silver nanoparticles extracted from Syzygium aromaticum, with a size
range of 20 nm to 149 nm. The silver nanoparticles synthesized by A. paniculata were
found to be spherical in shape and were an average size of 35-55 nm with an
interparticle distance. It is evident from the aggregation of the nanoparticles that they
were in close proximity, but were stabilized by a capping agent (Panneerselvam et al.,
2011). The silver nanoparticles synthesized by the novel Pseudomonas sp exhibit peak
sharpening, indicating that the particles are in the nanoscale range. The silver
nanoparticles were spherical in shape and aggregated into a larger irregular structure
that lacked a well-defined morphology (Mukunthan and Balaji, 2012).

High Resolution Transmission Electron Microscopy: TEM was employed
to perform the structural characterisation and particle size analysis of silver
nanoparticles. It allows for the observation of particle size at the nanoscale and enables
accurate investigation of crystal structure with remarkable resolution. The size
measurement of the biogenic Ag nanoparticles prepared by Ulva lactuca extract was
determined to be 20-30 nm in diameter by HRTEM analysis (Hamouda et al., 2023).
Silver nanoparticles made from Jatropha curcas seed extract in aqueous colloidal
solution exhibit red SPR band shift from 10—3 to 10—2 (M) and colour changes from
reddish yellow to deep red based on increasing concentration of silver nitrate. The
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HRTEM analysis reveals that the particles exhibit a spherical shape, with diameters
ranging from 15 to 25 nm, along with bigger and irregularly shaped particles with
diameters of 30-50 nm. The sizes of the particles at two different concentrations of
AgNO3z are consistent with the observed surface plasmon resonance (SPR) band,
specifically at 425 and 452 nm, respectively.
Green synthesis of silver nanoparticles

Green synthesis involves utilizing biogenic components such as plant extracts,
biopolymers, and microbial sources (such as bacteria, fungi, algae, and yeast) to
produce nanomaterials. The focus of green chemistry is to develop environmentally
acceptable ways for synthesizing AgNPs that are biocompatible and non-toxic
(Arokiyaraj et al., 2015). The development of sustainable production of silver
nanoparticles (AgNPs) is becoming a significant field of nanotechnology. The
development of green synthesis of AgNPs is a critical area of nanotechnology. The
production of AgNPs through the use of biological entities such as microorganisms,
plant extract, or plant biomass could serve as an environmentally benign alternative to
chemical and physical methods (Phatak and Hendre, 2015). In the biological synthesis
of AgNPs, living organisms synthesize compounds that serve as both reducing agents,
which reduce Ag® ions, and stabilizing agents, which prevent the aggregation of
AgNPs. The advantages of green synthesis of AgNPs over traditional chemical
procedures are as follows: (i) Green synthesis is a straightforward process that
typically entails a single-pot reaction; (ii) it is scalable; (iii) the toxicity associated
with hazardous chemicals is eliminated; (iv) green biological entities can be employed
as reducing and capping agents; and (v) the process is cost-effective, requires minimal
energy input or intervention, utilizes renewable resources, and is an environmentally
friendly method that does not necessitate the use of high pressure, energy, temperature,
or toxic chemicals (Ahmed and Ikram, 2015). Three primary steps are involved in the
green synthesis of AgNPs, as per the perspectives of green chemistry (Keat et al.,
2015): (i) the selection of a biocompatible and non-toxic solvent medium, (ii) the
selection of environmentally benign reducing agents, and (iii) the selection of a non-
toxic capping and stabilizing agent to stabilize AgNPs, thereby preventing their
aggregation. Capping agents have a vital and multifunctional role during the synthesis

of AgNPs. Capping agents stabilize and functionalize AgNPs, allowing for control
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over their size and shape, and providing surface protection that both inhibits
aggregation and offers advantageous properties.

The advancement of environmentally friendly technologies for material
synthesis and the development of effective green chemistry techniques that use natural
reducing, capping, and stabilizing agents to prepare AgNPs with desired morphology
and size have drawn increasing attention to the biosynthesis of AgNPs, an emerging
highlight of the intersection of nanotechnology and biotechnology. The use of
environmentally friendly materials like plant leaf extract to synthesize AgNPs without
toxic chemicals for the synthesis protocol or particle surface offers several advantages
for pharmaceutical and other biomedical applications (Gavarkar et al, 2015).
Compared to chemical and physical approaches, the synthesis of AgNPs using various
components of medical plants, such as stem, root, leaf, flower, fruit, seed, and bark, is
an innovative approach that supports environmentally friendly chemistry. In the
biosynthesis method, plant extracts have been employed as reducing, capping, and
stabilizing agents for the synthesis of AgNPs as a result of their reducing abilities
(Krithiga and Briget, 2015). The primary mechanism explored for the green synthesis
of AgNPs is the process of plant-assisted reduction, which is facilitated by the
presence of phytochemicals in the extracts (Pandit, 2015). Plant material contains
biomolecules such as alkaloids, flavonoids, terpenoids, amino acids, tannins, saponins,
phenols, and carbohydrates, which can function as reducing, capping, and stabilizing
agents (Priya et al., 2016). The use of plants for synthesizing AgNPs is more
favourable compared to other approaches, such as using micro-organisms, because it
eliminates the need for complex and time-consuming processes involved in
maintaining micro-organism cultures (Paul and Yadav, 2015). The production of
AgNPs through microbe-mediated synthesis is not economically feasible due to the
need for extremely aseptic conditions, multiple steps in maintaining cell culture, a
longer incubation period for the intracellular reduction of Ag* ions, and additional
purification steps.

The implementation of green synthesis methods is necessary to prevent the
generation of undesirable or detrimental by-products by establishing dependable,
sustainable, and environmentally friendly synthesis protocols. The utilization of

optimal solvent systems and natural resources, such as organic systems, is
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indispensable for accomplishing this goal. Plant extracts offer a straightforward and
efficient way for synthesizing metal/metal oxide nanoparticles on a large scale,
compared to the synthesis mediated by bacteria or fungus. Green synthesis techniques
that utilize biological precursors are influenced by several reaction parameters,
including solvent, temperature, pressure, and pH conditions (acidic, basic, or neutral).
Due to the abundance of effective phytochemicals in a variety of plant extracts,
particularly in leaves, such as ketones, aldehydes, flavones, amides, terpenoids,
carboxylic acids, phenols, and ascorbic acids, plant biodiversity has been extensively
considered in the synthesis of metal/metal oxide nanoparticles. These components
have the ability to convert metal salts into metal nanoparticles (Doble and Kruthiventi,
2007). Numerous physical and chemical synthesis methods necessitate high radiation,
highly toxic reductants, and stabilization agents, which can have devastating
consequences for both marine life and humans. However, green synthesis of metallic
nanoparticles is a one-pot or single-step eco-friendly bio-reduction process that starts
with minimal resources and is cost-effective (Dahoumane et al., 2017; El-Rafie et al.,
2013; Husen and Siddiqi, 2014; Khan et al., 2015; Patel et al., 2015; Siddiqi and
Husen, 2016; Wadhwani et al., 2016). Metallic nanoparticles have been synthesized
using green synthesis to accommodate a variety of biological materials, including
bacteria, fungi, algae, and plant extracts. Plant extracts offer a straightforward and
efficient way for synthesizing metal/metal oxide nanoparticles on a large scale,
compared to the synthesis mediated by bacteria or fungus.

Bacteria-based nanoparticles: Bacterial species are extensively employed in
commercial biotechnological applications, including bioremediation, genetic
engineering, and bioleaching, due to their capacity to decrease metal ions, and they
are significant prospects for the creation of nanoparticles (Gericke and Pinches, 2006;
Iravani et al., 2014). Prokaryotic bacteria and actinomycetes are widely used to
synthesize metal/metal oxide nanoparticles and other novel nanoparticles. The
bacterial synthesis of nanoparticles has been employed as a result of the relative
simplicity of modifying the bacteria (Thakkar ef al., 2010). Several bacterial strains
have been widely used for producing bio-reduced silver nanoparticles with distinct
size, shape, and morphological characteristics, such as Bacillus amyloliquefaciens,

Escherichia coli, , Bacillus cereus, Aeromonas sp. Phaeocystis antarctica,
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Pseudomonas proteolytica, , Bacillus indicus, Arthrobacter gangotriensis, Bacillus
cecembensis, Enterobacter cloacae, Lactobacillus casei, Corynebacterium sp.,
Shewanella oneidensis and Geobacter spp.

Fungi-based nanoparticles: The incorporation of fungi to synthesize metal or
metal oxide nanoparticles is a highly efficient method for producing nanoparticles that
are uniformly distributed and have distinct morphologies. The presence of a diverse
array of intracellular enzymes renders them more effective biological agents for the
production of metal and metal oxide nanoparticles (Chen et al., 2009). Fungi with high
competence are capable of producing greater quantities of nanoparticles in comparison
to bacteria (Mohanpuria et al., 2008). Furthermore, fungi have numerous advantages
over other species because enzymes, proteins, and reducing compounds are present on
cell surfaces (Narayanan and Sakthivel, 2011). Enzymatic reduction (reductase) within
the fungal cell or in the cell wall is the most possible mechanism for the formation of
the metallic nanoparticles. According to Kitching et al. (2015), the exposure of
Verticillium sp. biomass to silver nitrate solution results in the production of AgNPs.
It was also found that when Trichoderma asperellum was exposed to a solution of
silver nitrate, it produced extracellular nanoparticles with sizes ranging from 13 to 18
nm (Alghuthaymi et al., 2022). Fungi have the ability to release significant quantities
of proteins, which subsequently leads to increased productivity of NPs. The
manufacture of AgNPs is a two-step process involving the trapping of silver ions on
the surface of fungal cells and the subsequent reduction of these ions by enzymes
inherent in the fungal system.

Yeast-based nanoparticles: There are 1500 known species of yeast, which are
single-celled microorganisms found in eukaryotic cells (Yurkov et al., 2011). Several
research groups have reported  the  successful production of
nanoparticles/nanomaterials through yeast. A study has shown the production of silver
and gold nanoparticles using a yeast strain that is resistant to silver and a broth made
from Saccharomyces cerevisiae.

Algae-based nanoparticles: Several distinct types of algae have been reported
to produce AgNPs by extracellular synthesis. Chlorella vulgaris, a type of single-
celled green algae, is utilized to produce nanoparticles at ambient temperature. The

marine algae Chaetomorpha linum (Kannan et al., 2013), Caulerpa resmosa (Edison
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et al., 2016), and Sargassum polycystum (Rudayni et al., 2023) were also investigated
for the synthesis of silver nanoparticles (AgNPs). According to Qing et al. (2022), the
reduction of metal ions is caused by the presence of carboxyl groups in the aspartic
and/or glutamine residues of the proteins, along with the presence of hydroxyl groups
in the tyrosine residues.

Plants-based nanoparticles: Biosynthesis techniques utilizing plant extracts
have garnered greater attention as straightforward, efficient, cost-effective, and viable
methodologies, serving as a great substitute to conventional approaches for
nanoparticle fabrication. Several plants can be used to decrease and stabilize metallic
nanoparticles in a "one-pot™ production method. Several researchers have utilized the
green synthesis method to produce metal/metal oxide nanoparticles using plant leaf
extracts in order to investigate their diverse applications. Plants possess biomolecules,
such as carbohydrates, proteins, and coenzymes, that have remarkable potential to
convert metal salts into nanoparticles. Plant extract-assisted synthesis was initially
studied for the manufacture of gold and silver metal nanoparticles, similar to other
biosynthesis techniques. A wide range of plants, such as neem (Azadirachta indica),
oat (Avena sativa), alfalfa (Medicago sativa), tulsi (Osimum sanctum), lemon (Citrus
limon), coriander (Coriandrum sativum), lemon grass (Cymbopogon fexuosus),
mustard (Brassica juncea), and aloe vera (Aloe barbadensis), have been employed in
the production of silver nanoparticles and gold nanoparticles. The primary focus of
this line of research has been the ex-vivo synthesis of nanoparticles, while metallic
nanoparticles can be produced in living plants (in-vivo) by reducing metal salt ions
that are assimilated as soluble salts. Furthermore, the in-vivo synthesis of
nanoparticles such as zinc, nickel, cobalt, and copper has been observed in sunflower
(Helianthus annuus), alfalfa (Medicago sativa), and mustard (Brassica juncea)
(Marchiol, 2012).

Plant leaf extract-based mechanism

Plant leaf extract is incorporated with metal precursor solutions under varying
reaction conditions to facilitate the creation of nanoparticles (Mittal et al., 2013). Plant
extracts are utilized to biologically reduce metal ions, resulting in the formation of
their nanoparticles. The production of silver nanoparticles can utilize plant extracts

from leaves, flowers, seeds, barks, fruits, and roots as stabilizing and reducing agents
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(Bar et al., 2009; Marambio-Jones and Hoek, 2010; Velayutham et al., 2005). The
criteria that determine the circumstances of the plant leaf extract, such as the types and
concentrations of phytochemicals, metal salts, pH, and temperature, are considered to
regulate the yield and stability of nanoparticles as well as the rate of synthesis
(Dwivedi and Gopal, 2010). Phytochemicals found in plant leaf extracts possess a
remarkable ability to decrease metal ions in a significantly shorter amount of time
when compared to bacteria and fungi, which require a longer incubation period (Jha
et al., 2009). Hence, plant leaf extracts are regarded as a remarkable and insignificant
resource for the production of metal and metal oxide nanoparticles. In addition, plant
leaf extract serves a dual purpose by functioning as both reducing and stabilizing
agents throughout the process of synthesizing nanoparticles, therefore contributing in
the formation of nanoparticles (Malik et al., 2014).

Another crucial element in the creation of nanoparticles is the makeup of the
plant leaf extract; for instance, various plants have variable amounts of
phytochemicals in their extract (Li et al., 2011; Mukunthan and Balaji, 2012).
Flavones, terpenoids, sugars, ketones, aldehydes, carboxylic acids, and amides are the
primary phytochemicals found in plants and are responsible for the bio-reduction of
nanoparticles (Thatyana et al., 2023). Flavonoids possess diverse functional groups
that have an increased capacity to decrease metal ions. The release of the reactive
hydrogen atom occurs as a result of tautomeric conversions in flavonoids, when the
enol-form is changed into the keto-form. The reactive hydrogen atom is produced by
tautomeric flavonoids that convert enol-form to keto-form by reducing metal ions into
metal nanoparticles. The formation of biogenic silver nanoparticles in sweet basil
(Ocimum basilicum) extracts is mainly mediated by the enol-to-keto transformation
process (Ahmad et al., 2010). Plant extracts contain sugars, such as glucose and
fructose, which can contribute to the synthesis of metallic nanoparticles. Considering
that fructose-mediated gold and silver nanoparticles are monodisperse, glucose can
contribute to the creation of metallic nanoparticles with diverse sizes and shapes
(Panigrahi et al., 2004).

FT-IR analysis of nanoparticles generated using plant extracts confirmed that
newly produced nanoparticles were consistently shown to be bound to proteins. Plant

extracts consist of biomolecules such as carbohydrates and proteins, which function
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as reducing agents to facilitate the synthesis of metallic nanoparticles (Iravani, 2011).
Proteins possessing amino groups (—NHz) that have been modified in plant extracts
may assist in the process of reducing metal ions (Li et al., 2007). According to FT-IR
analysis, nanoparticle capping ligands are functional groups like -C-O-C—, -C=C—, —
C-O-and —C=0 (Mude et al., 2009). According to Velmurugan et al. (2015), silver
nanoparticles were also synthesized using peanut shell extract, and their features
included an average diameter of 10-50 nm and a spherical and oval shape. Spherical
silver nanoparticles with typical particle sizes ranging from 5 to 40 nm were
synthesized using a leaf extract of Ceratonia siliqua. The leaf extract of Ficus
benghalensis was used to synthesize spherical-shaped silver nanoparticles, which were
stable and had an average size of 10-50 nm. Nakkala et al. (2014) studied the oxidation
state, anti-cancer, and antibacterial effects of silver nanoparticles synthesized using
Acorus calamus extract.

The synthesis of metal nanoparticles using plant extracts can be accomplished
in a metal salt solution in a short period of time at room temperature, depending on
the nature of the plant extract. The key elements influencing nanoparticle production
are extract content, temperature, metal salt, pH, and contact duration (Mittal et al.,
2013). Plants are easily accessible and contain several active compounds that can
reduce Ag ions, making them ideal for nanoparticle formation (Kharissova et al.,
2013). Terpenoids, polysaccharides, phenolics, alkaloids, flavones, amino acids,
alcoholic compounds, enzymes, and proteins are among the active agents in plants that
may contribute to the reduction of silver ions to silver nanoparticles (Sharma et al.,
2009; Bindhu and Umadevi, 2013). The rapid formation, non-pathogenic, and
environmentally friendly reaction conditions of plant extracts in green synthesis,
which occur in a single step using a very cost-effective technique, make them suitable
candidates for synthesizing silver nanoparticles.

Free radical scavenging activity of silver nanoparticles

Oxidative stress is generated by reactive oxygen species (ROS), including
superoxide, hydroxyl, peroxyl nitrile, and singlet oxygen. This stress is accountable
for the onset of various ailments, such as atherosclerosis, cancer, inflammation, aging,
and neurodegenerative disorders. The antioxidant properties of a silver phyto-

nanosystem render them beneficial in the treatment of a variety of diseases. Silver
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nanoparticles synthesized with Allium cepa extract also exhibited substantial free
radical scavenging activities against DPPH free radicals, which may be attributed to
the presence of functional groups in Allium cepa (Jini and Sharmila, 2019).
Consequently, researchers have found that silver phyto-nanoparticles synthesized
using the extracts of the ornamental floral plants Hyacinthus orientalis and Dianthus
caryophyllus (oriental hyacinth and garden clove) have a high level of antioxidant
activity (Bunghez et al., 2012). The ABTS (2,2-Azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid radical) and DPPH (1,1-diphenyl-2-picrylhydrazyl radical) assays are the
most commonly employed and rapid methods for estimating antioxidant activity
(Bedlovi¢ova et al., 2020).

The in vitro study proved the significant antioxidant properties of silver
nanoparticles in an aqueous solution including a spice mixture made from garlic,
ginger, and cayenne pepper (Otunola and Afolayan, 2018). The authors propose that
various types of functional groups from the spice mixture, which were responsible for
reducing and capping the AgNPs, could be attributed to the significant antioxidant
activity of the nanoparticles. Plant extracts contain several kinds of biologically active
compounds, such as polyphenols, enzymes, and alkaloids. These molecules have the
ability to give hydrogen to free radicals, which in turn interrupts the free radical chain
reaction (Wang et al., 2016). Elemike et al. (2017) attribute the antioxidant properties
of AgNPs to the presence of phenolic compounds, terpenoids, and flavonoids in plants,
which allow the nanoparticles to act as singlet oxygen quenchers, hydrogen donors,
and reducing agents. The primary adsorption of antioxidant compounds from the
extract onto the surface of the nanoparticles may also be responsible for the higher
antioxidant activity of AgNPs derived from Lantana camara leaves (Shriniwas ef al.,
2017). Therefore, the presence of strong antioxidant phyto-nanoparticle activity may
potentially be linked to the specific encapsulation of AgNPs, particularly for medicinal
plants that have extracts rich in diverse antioxidant compounds such as polyphenols
and flavonoids.

Silver Nanoparticles and Their Antimicrobial Application

Microorganisms, including bacteria, fungi, viruses, and parasites, have

evolved the ability to inhibit and neutralize antimicrobial properties, which is referred

to as antimicrobial resistance. There has been an increase in the number and range of
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organisms that are resistant to antimicrobials, as reported by the World Health
Organization (WHO). Furthermore, the utilization of sub-therapeutic antibiotic
treatments in animal breeding to enhance animal growth and avoid infections might
lead to the emergence of antibiotic-resistant microbes, which may be transmitted to
human beings (Littier et al., 2017). The prevalence of infections exhibiting multidrug
resistance has experienced a rapid and significant rise in recent years, posing a
significant challenge to the healthcare system (Roca et al., 2015). A significant
multitude of bacteria have been documented as being resistant to multiple drugs
(MDR), resulting in substantial expenses for their management, including medication,
personnel training, isolation supplies (Huebner et al., 2016), and reduced productivity.

Nanomaterials have emerged as novel antimicrobials, revolutionizing the
application of antibiotics in diverse domains. For instance, silver nanoparticles
(AgNPs) are the most ancient nanomaterial employed for the aim of eliminating
bacteria and inhibiting their growth. Nevertheless, for only a few decades, these have
been generated via biogenic or bio-based methods. The synthesis of AgNPs using
biological, biogenic, or bio-based processes offers four advantages: (1) enhanced
biocompatibility, achieved by generating AgNPs in water and capped with
biomolecules such as proteins, sugars, or metabolites; (2) decreased toxicity, due to
the use of plant-based compounds as reducing agents, which are harmless; (3) ease of
production, achieved by extracting fungi, bacteria, or plants and adding silver nitrate;
and (4) low cost (Thakkar et al., 2010). Although there are some beneficial
characteristics, the fact that biogenic synthesis methods lack the ability to control the
shape and size of the nanoparticles remains a challenge.
Mechanisms of Antibacterial Action

The existing research mostly supports three methods by which AgNPs
demonstrate their antibacterial activity, either in combination or individually
(Marambio-Jones and Hoek, 2010; Qing et al., 2018; Dakal et al., 2016). The first
hypothesis states that AQNPs can penetrate the outer membrane and accumulate in the
inner membrane, where their adhesion to the cell destabilizes and damages it,
enhancing membrane permeability and causing cellular leakage and death (Seong and
Lee, 2017; Ivask et al., 2014). Additionally, studies have shown that AgNPs may

interact with sulfur-containing proteins in bacteria's cell walls, potentially rupturing
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the cell wall through structural damage. The second approach suggests that
nanoparticles have the capacity to disrupt and penetrate the cell membrane, causing
changes in its structure and permeability. Further, these nanoparticles can enter the
cell and interact with sulfur or phosphorus groups found in intracellular components
like DNA and proteins, thereby modifying their structure and functions. They may
also disrupt the respiratory chain in the inner layer of the membrane by interacting
with enzyme thiol groups, generating free radicals and reactive oxygen species,
damaging intracellular machinery, and initiating the apoptotic pathway. Another
proposed mechanism that operates simultaneously with the other two involves the
liberation of silver ions from the nanoparticles. These ions, due to their size and
charge, have the ability to interact with cellular components, causing changes in
metabolic pathways, membranes, and the DNA (lvask et al., 2014; Agnihotri et al.,
2013).
Factors Affecting Antibacterial Activity of AgNPs

The variability in antibacterial activity of nanoparticles, based on their
properties, enables their alteration and production to achieve specific goals in
nanoparticle synthesis. This allows for the development of an antimicrobial agent with
optimized properties. The dimensions of the nanoparticles affect the extent of contact
and interaction between the nanoparticle and its environment, while the electric charge
and surface composition regulate the stability of the nanoparticles (Sharma and Zboril,
2017). The antibacterial activity of 5, 15, and 55 nm AgNPs was tested against
Actinomycetem comitans, E. coli, Fusobacterium nucleatum, Sanguis mitis, and
Streptococcus mutans. The 5 nm nanoparticles proved more effective against
microbes, with MIC values between 25 and 50 pg/ml, except for the E. coli strain,
which had a MIC value of 6 pg/ml. The aerobic nature of E. coli explains the
significant disparity in MICs between it and the other microorganisms studied. It
suggests that this effect may be caused by the oxidation of AgNPs in aqueous medium
when exposed to air, which lowers their antibacterial ability (Lu et al., 2013). The rate
at which silver ions are released from nanoparticles is influenced by their size and
surface properties. This suggests that smaller nanoparticles may play a significant role
in the antibacterial action of nanoparticles, as they have been found to disintegrate

rapidly in various types of media and release silver ions in the process (Raza et al.,

26



Chapter 2

2016; lvask et al., 2014; Le Ouay and Stellacci, 2015). The antibacterial ability is
influenced by these characteristics in relation to the processes by which AgNPs
interact with microorganisms. The features that improve antimicrobial efficacy are
those that facilitate interactions between nanoparticles and bacterial cells, as well as
their ability to penetrate into the cells.

Silver Nanoparticles in Plant Disease Management

Nanoparticles are extensively studied for their diverse applications in biology
and the environment, thus becoming a crucial aspect of nanotechnology. Due to their
exceptional catalytic activity, conductivity, chemical stability and antibacterial
potential, they have demonstrated significant economic value. Phytopathogenic
microorganisms as well as plant pests are natural plant enemies that reduce agricultural
yield by 20-40% worldwide (Savary et al., 2012). Chemical pesticides are an effective
means of quickly eliminating pathogenic microbes, but their misuse and long-term
presence in soils unintentionally lower soil fertility and disturb the native micro- and
macro-biota of the soil (Shahid et al., 2018). A significant number of microbes that
are beneficial to plants are either eradicated or their natural ecosystem is compromised.
This necessitates the development of alternative plant disease control strategies, and
nanotechnology has made significant strides in medicine, such as alternative
antimicrobials (Rani et al., 2022; Kaur et al., 2022; Janani et al., 2022), and
pharmacology, particularly drug delivery.

Silver nanoparticles (AgNPs) can be utilized to manage plant diseases as part
of their application. Several research have been conducted to investigate the use of
AgNPs with the goal of controlling phytopathogenic fungus (Jo et al., 2015). AgNPs
have emerged as an improved technique for replacing synthetic fungicides. There is
an immense demand for the most recent anti-fungal drugs due to the emergence of
resistance in disease-causing fungi (Nyilasi et al., 2010). Globally, antifungal
resistance has occurred due to consistently pesticide use, which alters the fungus
population and promotes resistant variants (Guilger et al., 2017; Auyeung et al., 2017).
The AgNPs have shown antifungal activity against Candida albicans and C. tropicalis
(Mallmann et al., 2015), as well as F. oxysporum (Gopinath and Velusamy, 2013).
Because of their improved permeability and retention effects, AgNPs are highly

appealing and intriguing for various antifungal applications. In recent years, there has
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been an increased emphasis on developing secure management strategies that
prioritize the resolution of synthetic fungicide vulnerabilities and reduce the risk to
humans and animals. AgNPs possess numerous antifungal mechanisms, including
plasma-membrane interactions and linkages to DNA phosphate groups (Matsumura et
al., 2003). These mechanisms lead to proton dispersion and cell mortality, degradation
of the electron transportation chain, and disruption of membrane proton motive force
and phosphate groups (Feng et al., 2000). Additionally, AgNPs contribute to
sulfhydryl protein and enzyme group degradation. Silver nanoparticles (AgNPs) have
the potential to benefit the agricultural industry by effectively targeting and controlling
pathogens, thereby reducing the occurrence of plant diseases in a controlled and
specific manner. Overall, the utilization of AgNPs in agriculture has considerable
promise for enhancing agricultural output (Latif et al., 2017). The sustainable use of
biologically synthesized AgNPs has been the subject of numerous efforts by
nanotechnologists and microbiologists worldwide to improve conventional
agriculture. Technological advancements in AgNPs synthesis and characterization
methods have improved the precision and advancement in controlling their size, shape,
and yield.
Silver Nanoparticles and their anti-cancer applications

Cancer arises from genetic mutations that initiate a cascade of molecular
events, ultimately resulting in tumor development. According to Hollstein et al.
(2017), a malignant condition is characterized by the rapid division of cells without
any regulation and the subsequent invasion of normally functioning cells and tissues.
Cancer is one of the major risk factors of morbidities and mortalities all over the world.
Either internal or external factors can generally cause cancer. External factors include
chemical exposure, radiation, and viruses. Frequent exposure to toxic metals and
ionizing radiation puts workers at heightened risk of developing cancer (Manzoor et
al., 2016). Hormones, mutations, and immune conditions are internal factors that may
act sequentially to initiate or promote the process of carcinogenesis (Anand et al.,
2008). Most cancer treatments whether they be radiation therapy, chemotherapy,
surgery, immunotherapy, cancer vaccines, photodynamic therapy, stem cell
transformation, or any combination of these are associated with serious adverse

effects. The use of chemotherapeutic agents can result in various toxicities, including
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non-specificity, limited bioavailability, toxicity, rapid clearance, and restriction of
metastasis (Patra et al., 2014; Lim et al., 2011; Mukherjee and Patra, 2016). 5-
fluorouracil, a frequently utilized chemotherapeutic agent, is known to cause
cardiotoxicity, myelotoxicity, and vasoconstriction (Macdonald, 1999). Avilés et al.
(1993) linked doxorubicin, a cancer prophylactic medication, to renal toxicity,
cardiotoxicity, and myelotoxicity. These facts motivate us to explore innovative
methods and develop promising compounds for effective cancer treatment with
minimal side effects.
Nanotechnology-cancer interaction

There is a growing demand for more affordable and cost-effective therapeutic
agents made from natural resources, such as plants, as an alternative to conventional
cancer therapy approaches (Patra et al., 2014; Khan et al., 2015; Singh et al., 2016;
Kumar and Yadav, 2009). Medicinal plants not only offer new chemical compounds
through bioprospecting but also novel cancer therapy strategies, including the green
production of silver nanoparticles (AgNPs). Nanotechnology has the potential to be
utilized at the molecular level to regulate matter. Recent developments in
nanotechnology have created new opportunities for the delivery, treatment, and
diagnosis of drugs (Klefenz, 2004). Metal nanoparticles possess unique
characteristics, resulting from their specific size and high surface area-to-volume ratio,
that make them very suitable for various biological uses (Caswell et al., 2003; Bhatte
et al., 2012). Fungi and bacteria can be employed to synthesize nanoparticles, but the
plant-based synthesis platform is eco-friendly and effective since it doesn't require
expensive, toxic, or harmful chemical compounds in growing conditions. Employing
plants for this purpose can mitigate certain biosafety concerns associated with the use
of fungi and bacteria in green synthesis (Kumar and Yadav, 2009). Research on
medicinal plants and nanotechnology has resulted in a significant increase in the
number of cancer treatments that are now possible, which is economically beneficial
for patients (Shinwari et al., 2006; Shinwari and Khan, 2003). These nanoparticles
can dodge immune reactions and pass impermeable membranes, thus rendering them
useful for cancer treatment (Oberddrster et al., 2005). Metal nanoparticles has been
observed with enormous interest for developing alternative theranostic strategies of

cancer treatment (Munger et al., 2014; Patra and Barui, 2013). Prior studies have
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successfully demonstrated the use of labelled nanocrystals for monitoring and
detecting tumors, as well as targeted therapy delivery using chemotherapeutic
medicines (Alivisatos, 2004; Gao et al., 2004).
Mechanism of anti-cancer activity of AgNPs

The proposed mechanism for anticancer activity of biogenic AgNPs is
apoptosis caused by nanoparticles through caspase-dependent and mitochondrial
dependent pathways (Arokiyaraj et al., 2014). It has been proposed that biogenic
AgNPs can enhance the efficacy of a specific anticancer drug by targeting it
specifically to specific cancer cells (targeted drug delivery), resulting in a reduction in
the dosage of the drug and a reduction in side effects due to their increased
biocompatibility and higher efficiency. The morphology and dimensions of biogenic
AgNPs are linked to the mechanism of anticancer activity through the generation of
reactive oxygen species (ROS), which disrupts cellular homeostasis.

It was found that increasing cancer cell population in the sub-G1 phase
stimulates caspase-3, which induces apoptosis (Mao et al., 2004). The death of
malignant cells treated with biogenic AgNPs may be attributed to the elevation of sub-
G1-phase cancerous cells, which is highly correlated with apoptosis induction, as per
scientific reports. Several studies have found that treating cancer cells with biogenic
AgNPs results in the production of reactive oxygen species (ROS), which causes
cellular damage (Zhang et al., 2013; Minai et al., 2013; Franco-Molina et al.,
2010). The transmembrane potential of mitochondria and respiration uncoupling are
also associated with an increase in superoxide radical generation (Hass and Barnstable,
2021). Current research clearly suggests that biogenic AgNPs stimulate the production
of reactive oxygen species (ROS), which ultimately induces apoptosis and cell death.
The study conducted by Mukherjee et al. (2014) demonstrated the increase in p53
protein levels using western blotting analysis in the lysate of B16 cells that were
treated with biosynthesized silver nanoparticles. Silver ions released by AgNPs cause
caspase-3 activation and oxidative stress (Gurunathan et al., 2013). Further, it was
proposed that the acidic nature of the tumor was responsible for the release of
phytoconstituents from biogenic AgNPs, hence increasing the potential anticancer
effects of colloidal biogenic AgNPs (Mukherjee et al., 2014).
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Colloidal biogenic AgNPs synthesized using green techniques have potential
applications in cancer therapy and diagnosis, including biosensing, bioimaging, and
MRI imaging applications (Smith ef al., 2013; Boisselier and Astruc, 2009; Daniel and
Astruc, 2004). Historical evidence demonstrates the extensive utilization of silver as
a powerful therapeutic substance, with nano-silver serving as a therapeutic agent for
over a century (Nowack et al., 2011; Alexander, 2009). In the past decade, numerous
researchers have experimentally demonstrated the nontoxic status of AgNPs in vitro,
a status that differs considerably from in vivo environments (Stensberg et al., 2011,
Homan et al., 2012; Hackenberg et al., 2011). The implications of this study can be
utilized to achieve future potential therapeutic benefits against aggressive-type
malignancies, as AgNPs possess a unique ability to target tumor tissues.

Invasive alien plant species

People or human activities can purposefully or unintentionally introduce alien
plants, also known as exotic, introduced, foreign, non-indigenous, or non-native
plants, from one location to another. A naturalized species refers to an alien plant that
has successfully established itself in a new ecosystem and is able to reproduce
independently within its own plant community. When naturalized aliens spread so
widely that they disrupt native biota or jeopardize important agricultural, human, or
environmental resources, we refer to them as "invasive". The world's flora and fauna
are being homogenized by the worldwide spread and rapid growth of invasive species,
which has been reported as a primary cause of global declines in biodiversity (Rai and
Singh, 2020). According to Drake et al. (1989), bio-invasion is a type of biological
pollution, a significant contributor to global change, and one of the main causes of
species extinction. Typical invasive species exhibit the following characteristics: they
are "pioneer species" in a variety of landscapes; they are tolerant of a wide range of
soil and weather conditions; they are versatile in distribution; they produce extensive
amounts of seed that disperse easily; they grow aggressive root systems; they have a
short generation time; they have high dispersal rates; they have long flowering and
fruiting periods; they have a broad native range; and they are abundant in their native
ecosystem. Initial findings from intriguing research indicate that invasive species tend
to possess relatively small numbers of DNA within their cell nuclei. It's obvious that

the cells in these plants possess the ability to undergo rapid division and multiplication,
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resulting in accelerated growth compared to species with higher cellular DNA content.
As a result, these plants have a competitive advantage in disturbed environments.

The alien plant is under cultivation for several economic goals, including food
production, fodder, lumber, and ornamental use. Invasive alien plants have adaptable
behavior and can be found in a variety of habitats, including woods, crop areas, waste
lands, plantations, gardens, and roadway sides. Mikania micrantha, Prosopis juliflora,
Salvinia molesta and Cabomba caroliniana are well-known examples of invasive
species. Furthermore, the following are invasive alien weeds: Chromolaena odorata,
Lantana camera, Opuntia dillenii, Mimosa pudica, Lippia geminate, Eichhornia
crassipe and Jaropha gossipifolia (Mandal, 2011). The most prominent invasive
foreign plants in India are Eupatorium odoratum and Lantana camara, which are
among the most problematic invasive species in the world. The Calcutta Botanical
Garden brought these invasive plants to India from the Neotropics a century ago
(Soumya and Sajeev, 2020).

In contrast to chemical control, which is frequently highly effective as a short-
term remedy, mechanical control is particularly target-specific and labour-intensive.
Due to its environmentally benign character and restrictions on pesticide use in
conservation areas, classical biological control is extremely economical, long-lasting,
self-sustaining, ecologically safe, and suitable for use in these regions. Implementing
initiatives to control invasive species provides a rational and sustainable answer,
however, no such projects have been earnestly undertaken in India. In an effort to
maintain the endeavour to regulate the culture of alien species in the country, a series
of strategic national plans and guidelines have been established for the import of alien
organisms (Pysek et al., 2020). The initial stage in managing invasive alien species

(IAS) is the establishment of a national strategy.
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Chapter 3
Synthesis and characterization of silver nanoparticles using Mikania

micrantha and Acmella ciliata leaf extract

1. Introduction

The study of phenomena and material manipulation at the atomic and
molecular levels, where properties differ noticeably from those at higher scales, is
known as nanoscience (Bayda et al., 2019). Green nanoscience encompasses the
utilization of green chemical principles in the creation of nanoscale products, the
advancement of technologies for producing nanomaterials, and the application of these
nanomaterials. According to the Oxford English Dictionary (OED), the prefix nano
comes from the Greek word nanos, which means "dwarf" or "extremely small."
Nanostructured materials, referred to as nanoparticles (NPs), exhibit distinctive and
enhanced characteristics due to their increased surface area relative to their volume
(Khan et al., 2019). NPs are broadly classified into two categories: organic NPs and
inorganic NPs, which include noble metal NPs (such as silver and gold) and
semiconductor NPs (such as titanium oxide and zinc oxide).

The synthesis of nanoparticles can be achieved by a wide range of methods,
typically classified into two primary approaches: top-down and bottom-up. NPs are
produced from their bulk materials by various processes and procedures, such as
thermal breakdown, irradiation, laser ablation, and arc discharge, in the top-down
(physical) approach. AgNPs are produced using a bottom-up (chemical and biological)
method, wherein their fundamental building elements react to produce AgNPs with
the appropriate size and shape. Due to the diverse array of uses provided by
nanoparticles in various scientific and technological domains, multiple techniques
have been developed for their synthesis. Nanoparticles can be generated through
chemical, physical, and biological processes. Chemical processes have several
disadvantages, such as the utilization of toxic solvents and surfactants, higher costs,
the production of dangerous by-products, and increased energy consumption, all of
which pose significant threats to human health and the environment (Badmus et al.,

2021). Compared to chemical and physical approaches, green nanoparticle synthesis
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offers advantages such as cost-effectiveness, environmental friendliness, ease of
scaling up for large-scale synthesis, and a lack of need for hazardous chemicals and
high temperatures (Osman et al., 2024). Metal nanoparticles possess distinctive
physio-chemical properties that render them highly suitable for a wide range of
biological applications. AgNPs have garnered significant interest among other noble
metal nanoparticles due to their distinct characteristics, such as favourable electrical
conductivity, chemical stability, catalytic, and antimicrobial properties (Xu et al.,
2020). Due to its high surface-to-volume ratio, silver at the nanoscale exhibits distinct
properties compared to bulk particles composed of the same material (Altammar,
2023).

Green synthesis methods leverage the extensive bioresources that are naturally
present, including plants, bacteria, fungi, yeast, and enzymes. Researchers have
proposed the use of microorganisms and plant compounds in biological synthesis for
silver nanoparticles as a valuable alternative to chemical methods, as it avoids the use
of toxic chemicals and high temperatures. The utilization of plant extracts in
nanoparticle synthesis is gaining significant attention due to its dual role as reducing
agents and stabilizing agents (Mittal et al., 2013). The approaches to producing
nanoparticles using plant extracts are easily scalable, safe for human therapeutic use
and potentially more cost-effective compared to the more expensive methods relying
on microbial activities (Vijayaraghavan and Ashokkumar, 2017). Plant extracts are
more advantageous than other biological processes because they eliminate the
complex process of cell culturing and maintenance and can be scaled up for large-
scale nanoparticle synthesis (Adeyemi et al., 2022). The source of the plant extract
can influence the characteristics of nanoparticles due to variations in the concentration
and combinations of organic reducing agents found in different extracts (Antunes et
al., 2023).

The fundamental mechanism for the reduction of silver ions in a biological
system 1is postulated to begin with the immobilization of silver ions on the protein
surface in the extract through electrostatic interactions, also known as a recognition
process. Proteins cause the reduction of silver ions, resulting in alterations to their
secondary structure and the creation of silver nuclei. These silver nuclei then increase

in size by the reduction of silver ions and their aggregation at the nuclei (Chung et al.,
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2016). Despite the lack of full elucidation of the precise mechanisms behind the
synthesis of nanoparticles (NPs) in plants, there may be some correlation with the
concept of phytoremediation in plants (Masarovicova and Kral'ova, 2012).

Given the intricate nature of research on green synthesis, it is important to
consider the following points when synthesizing AgNPs: (i) Chemical composition of
the plant extract: The reduction of Ag" to Ag’ is mostly attributed to the oxidation of
several biomolecules, including flavonoids, ketones, aldehydes, tannins, carboxylic
acids, phenolic compounds, and plant proteins. Furthermore, the stability and size of
the generated AgNPs are contingent upon the biomolecules that serve as capping
agents (Vijilvani et al., 2020). (ii) Concentration of the plant extract: The morphology
and dimensions of the produced AgNPs are dependent on the concentration of plant
extract used. An increase in the extract concentration results in the production of a
significant quantity of nanoparticles up to a specific level (Lopez-Miranda et al.,
2016). (ii1) Concentration of AgNOs: As the concentration of AgNO3 increased, the
number of AgNPs also increased proportionally, leading to the complete consumption
of the AgNO;3 salt and the subsequent reduction of all Ag™ to Ag0. By increasing the
intensity of UV-Vis spectroscopy, we can readily monitor this process (Sangaonkar
and Pawar, 2018). (iv) pH: The pH level can alter the electrical charges of
biomolecules present in the plant extract, which can potentially impact their ability to
cap and stabilize nanoparticles and hence affect their growth. An increase in pH
generally leads to an increase in the rate of formation and promotes a more uniform
distribution of the size of nanoparticles (Gavade et al, 2015). (v) Reaction
temperature: Typically, a high temperature is necessary to fully reduce AgNO? to
AgNPs via a chemical method. However, considering economic and green chemistry
factors, conducting the reaction at room temperature is the most favourable option
(Farooq et al., 2019). (vi) Reaction time: A red shift in the UV-Vis spectrometer data
indicates that the size of the NPs is increasing over time. As a result, it is critical to
continuously monitor the reaction in order to obtain stable, small-sized NPs (Ratan et
al., 2020).

Various analytical and spectroscopic methods are employed to determine the
properties of nanoparticles, including their nature, size, shape, distribution, stability or

aggregation state, morphology, elemental composition, and dispersity (monodisperse
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or polydisperse). The uniformity of these characteristics is crucial in numerous
applications. The most frequently employed methods for characterizing nanoparticles
are as follows: UV-visible spectrophotometry, Fourier transform infrared spectroscopy
(FT-IR), Scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), transmission electron microscopy (TEM), and X-ray diffraction (XRD). UV-
visible spectroscopy typically uses light wavelengths ranging from 300 to 800 nm to
analyse metal nanoparticles with sizes ranging from 2 to 100 nm (Vijayaram et al.,
2024). FT-IR spectroscopy characterizes the surface chemistry of nanoparticles and
other surface chemical residues and is useful for detecting organic functional groups
(e.g., carbonyls, hydroxyls) adhered to the surface (Raj ez al., 2021). Scanning electron
microscopy and transmission electron microscopy are employed to analyze the
structure and shape of compounds from nanometers to micrometers (Malatesta, 2021).
Transmission electron microscopy exhibits a resolution that is 1000 times higher than
scanning electron microscopy (Brodusch et al., 2021). Energy dispersive spectroscopy
(EDS) is widely used to determine the elemental composition of metal nanoparticles
(Mishra et al., 2017). X-ray diffraction (XRD) is employed for the phase identification
and characterization of the crystal structure of the nanoparticles (Holder and Schaak,
2019). X-rays penetrate the nanomaterial, and the resulting diffraction pattern is

compared with known standards to acquire structural information.

2. Materials and methods
2.1 Chemicals and reagents

Silver nitrate (AgNO3) and sodium hydroxide (NaOH) were purchased from
Merck Chemicals.

2.2 Preparation of plant extract

Fresh leaves of Mikania micrantha and Acmella ciliata were collected from
Mizoram University campus, Tanhril, Aizawl, Mizoram. The plants were identified and
authenticated by the Mizoram University Herbarium, Department of Botany, as
Mikania micrantha (L.) and Acmella ciliata (Kunth) with accession numbers

MZUHO000963 and MZUHO000964, respectively. The leaves were washed, dried, and
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minced. 25 g of pulverised leaves of M. micrantha and A. ciliata were boiled separately
in 100 ml of distilled water for 1 h. The liquid extract was then centrifuged and filtered
using Whatman No.1 filter paper. After filtration, the extract was stored at 4°C until
further processed for the synthesis of AgNPs.

2.3 Preparation of 1 mM silver nitrate solution

For the preparation of 1 mM silver nitrate (AgNO3), 17 mg of AgNO3z was
dissolved in 100 ml of double distilled water. The solution was stored in an amber

bottle to avoid light-induced oxidation of silver.

2.4 Synthesis of Mikania micrantha silver nanoparticles (MNP)

For reduction of silver ions, M. micrantha leaf extract (10 ml) was mixed with
90 ml of 1 mM AgNO;j solution and the pH of the mixture was maintained at 7.0. The
reaction mixture changed from light yellowish to reddish brown due to excitation of
surface plasmon resonance with continuous stirring at room temperature, indicating
the synthesis of AgNPs. The biosynthesized AgNPs were centrifuged at 15,000 rpm
for 5 min and redispersed in deionized water to eliminate any uncoordinated biological
molecules. UV-Vis spectral analysis was further performed to confirm the formation

of AgNPs from the reduction of Ag" from AgNOs.

2.5 Synthesis of Acmella ciliata silver nanoparticles (ANP)

A. ciliata leaf extract (10 ml) was mixed with 90 ml of 1 mM AgNOs3 solution
and the pH of the mixture was maintained at 7.0. After stirring at 3 h at room
temperature, the reaction mixture changed to reddish brown from light yellowish,
indicating the synthesis of AgNPs. The biosynthesized AgNPs were centrifuged at
15,000 rpm for 5 min and redispersed in deionized water to eliminate any
uncoordinated biological molecules. Further, the formation of AgNPs by the reduction

of Ag" from AgNOs was ascertained by UV-Vis spectral analysis.

2.6 Characterization of silver nanoparticles (MNP and ANP)

The bio-reduction of Ag" ions in solutions was monitored by measuring the

UV-vis spectrum (Shimadzu UV-19001 UV-Vis Spectrophotometer) at 300-600 nm.
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FT-IR (Fourier transform infrared spectroscopy) spectrum analysis (Perkin-Elmer
Spectrum Two with Universal ATR Software 10; Spectrum 10.5.2.636) was performed
to analysed the possible functional groups involved in the synthesis of AgNPs. The
crystalline nature of metallic AgNPs was determined by X-ray diffraction analysis (X-
ray diffractometer D8 ADVANCE ECO BRUKER) in the range of 10—80° at 20 angles
with a Cu Ka radiation (A= 1.54060 A°, 40 kV, 30 mA) monochromatic filter. The
morphology of biosynthesized AgNPs was investigated by Transmission Electron
Microscopy (TEM) (JEM-2100 Plus Electron Microscope, JEOL Ltd) and Scanning
Electron Microscopy (JSM-IT800 Schotty Field Emission; JEOL Ltd).

3. Results

3.1 Characterization of Mikania micrantha silver nanoparticles (MNP)
3.1.2 Visual confirmation and UV-Visible spectra analysis

The preliminary detection of the formation of AgNPs was done by visual
observation as the reaction mixture changed from a light-yellow to a reddish-dark-
brown colour (Figure 3.1). The absorption spectra of biosynthesized AgNPs formed in
the reaction mixture was recorded using UV-Vis analysis at different time intervals.
The SPR of the nanoparticles produced a peak centered at 459 nm, confirming the
reduction of AgNO; into AgNPs at room temperature (Figure 3.2). The intensity of the

SPR peak increased with reaction time indicating the increasing yield of AgNPs.

3.1.2 FT-IR Spectrum

FT-IR spectrum analysis was used to investigate the possible functional groups
involved in the synthesis of AgNPs (Figure 3.3). Strong stretching vibrations of the
hydroxyl and amino groups of alcohols and phenolic compounds are indicated by the
intense bands observed in the FT-IR spectrum of AgNPs at 3,175 cm™L. The single-
bonded C-H alkane and -CH3-sym stretching vibrations were responsible for the
absorption peak detected at 2,910 cm™! and 1521 cm™, respectively. The stretching of
carbonyl groups (C=0) is responsible for the high peak at 1,627 cm™, indicating the
presence of compounds such as terpenoids and flavonoids. A prominent peak was

observed in the infrared spectra of M. micrantha leaf extract at 1632 cm™! which
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corresponds to the C=0 stretching or amide 1 bending, indicating the reduction of
silver ions to silver nanoparticles. The peak at 1,029 cm™ corresponds to C-O
stretching from alcohol, carboxylic acid, ester, and ether assigned by protein and
metabolite functional groups covering the AgNPs. The peak at 516 cm™ corresponds
to C-ClI, C-Br stretching vibrations to alkyl halides. Comparison of the FT-IR spectra
of the plant extract and AgNPs revealed a shift in the absorption peak of the hydroxyl

and carbonyl groups.

3.1.3 SEM and EDS analysis

Scanning electron microscopy (SEM) micrographs confirmed the formation of
uniformly spherical nanoparticles at different magnificence images [Figure 3.4(a-c)].
The chemical composition of the silver nanoparticles that have been synthesized using
M. micrantha leaf extract is revealed by energy dispersive spectroscopy (EDS) [Figure
3.4(d,h)]. The biosynthesized AgNPs exhibit optical absorption peak of the surface
plasmon resonance at around 3 keV showing strong signal for silver and oxygen,
which could be attributed to biomolecules attached to the surface of the silver

nanoparticles [Figure 3.4(d-h)].

3.1.4 TEM analysis

Transmission electron microscope (TEM) is used to determine the
morphology, individual size, and precise shape of AgNPs at various angles. The TEM
images [Figure 3.5(a-d)] showed that the biosynthesized AgNPs exhibit poly-
dispersed spherical morphology and are predominantly spherical and oval in shape.
The average size of the AgNPs is 23.9 nm, with particle sizes ranging from 10 to 40
nm [Figure 3.5(e)]. A very slight thin layer on the surface of the AgNPs was clearly
visible in the TEM images, which may be related to the organic compounds from the

extract possibly acting as capping and stabilizing agents of AgNPs.

3.1.5 X-ray Diffraction analysis

X-ray diffraction was employed to analyse the crystallinity nature of the
biosynthesized AgNPs. Significant diffraction peaks were detected at 20 values of
38.42° 44.71°, 64.92° and 77.75° corresponding to the (111), (200), (220) and (311)
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planes of pure silver based on the face-centered cubic structure (JCPDS file No. 04-
0783). Thus, the XRD pattern showed that the biosynthesized AgNPs are composed
of pure crystalline silver. The sharp peaks confirm cubic crystalline nature of AgNPs
synthesized by M. micrantha leaf extract (Figure 3.6). The broadening of Bragg's
peaks was used as confirmation for the synthesis of silver nanoparticles. Several
unidentified peaks were attributed to the phytochemical compounds found in the M.

micrantha leaf extract.
3.2 Characterization of Acmella ciliata silver nanoparticles (ANP)

3.2.1 Visual identification and UV-Visible spectra analysis

Prior to UV-Vis spectral analysis, the formation of AgNPs was identified
through visual observation of the change in colour from pale yellowish-brown to a
reddish-dark brown colour after 30 min of stirring the mixture (Figure 3.7). This colour
change was due to the reduction of Ag™ to Ag® (metallic silver) by the bioactive
ingredient of the 4. ciliata leaf extract and the excitation of surface plasmon resonance
(SPR) with the AgNPs. UV-Vis absorbance of the reaction mixture was then recorded
at different time intervals. The steady rise in intensity of SPR suggested a gradual
increase in the yield of AgNPs with the increase in time. The SPR of the nanoparticles
produced a peak centered at 430 nm, indicating the reduction of AgNO3 into AgNPs
(Figure 3.8).

3.2.2 FT-IR Spectrum

FT-IR spectroscopy was used to investigate the presence of bioactive
compounds of 4. ciliata leaf extract in the synthesized AgNPs which may act as an
efficient capping agent and stabilization factors. In the FT-IR spectrum of A. ciliata
leaf extract and its biosynthesized AgNPs (Figure 3.9), the FT-IR peak observed at
3,193 cm ™! corresponds to strong stretching vibrations of hydroxyl and amino groups
of alcohols and phenolic compounds. The peak at 2,937 cm ! and 1549 cm™! can
be assigned to the C—H-asym. stretching vibration and -CHs-sym. stretching vibration
respectively, which indicates the presence of aromatic and carbonyl groups of the

protein and metabolites present in the A. ciliata leaf extract. The strong peak at 1,650
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cm! can be assigned to the stretching of carbonyl groups (C=0) which indicates the
presence of compounds like flavonoids and terpenoids. The peak at 1,066 cm ™! was
due to C—O stretching vibration whereas the peak at 545 cm™! corresponds to C—Cl
stretching in the alkyl group. The IR spectrum of A. ciliata leaf extract exhibited a
strong peak at 1635 cm™! which corresponds to the C-O of amide I proteins stretching
mode. This peak shifted to 1650 cm™! in the IR spectrum of AgNPs suggesting the
possible involvement of the aforementioned groups in AgNPs synthesis by binding the

proteins to Ag" through free amine groups or carboxylate ions.

3.2.3 SEM and EDS analysis

SEM analysis confirmed the spherical shape of AgNPs at different
magnificence images [Figure 3.10(a-c)]. The occurrence of the elemental silver was
indicated by the EDS analysis [Figure 3.10(c,h)], which confirmed the reduction of
silver ions to silver elements in the reaction mixture. The EDS spectrum also
illustrated the presence of strong metallic Ag signals and confirmed the elemental
constituents of silver (82.2 %), chlorine (15.05 %) and oxygen (2.68 %) (Figure 10d-
h).

3.2.4 TEM analysis

TEM analysis elucidates the shape and size of the biosynthesized AgNPs. The
TEM images [Figure 3.11(a-d)] showed that the biosynthesized AgNPs are poly-
disperse and are predominantly spherical and oval in shape with particle sizes ranging
from 10 to 35 nm [Figure 3.11(e)]. Figure 3.11(b) showed the biomolecular coating on
the surface layer of AgNPs, which is responsible to enhanced stability of AgNPs

3.2.5 X-ray Diffraction analysis

X-ray diffraction pattern of the biosynthesized AgNPs is shown in Figure 3.12.
At 20, values 0f 27.81°,32.16°, 38.12°,44.3°,46.21°, 54.83°,57.39°, 64.42° and 77.45°,
a number of Bragg reflection is observed corresponding to (210), (122), (111), (200),
(231), (142), (241), (220) and (311) planes of pure silver based on the face-centered
cubic structure (JCPDS file No. 04-0783) indicating the formation of AgNPs. From
XRD results, it is observed that the AgNPs synthesized by A. ciliata leaf extract are
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face-centered cubic (fcc) and crystalline in nature. Full width at half-maximum
(FWHM) data was used with Scherrer’s formula to determine mean particle size.
Scherrer’s equation is given as d = 0.90/B cos 0, where d is the mean diameter of
nanoparticles, A is the wavelength of the X-ray radiation source, and f is the angular
FWHM of the XRD peak at the diffraction angle 0. The crystalline size of the
biosynthesized AgNPs as estimated from the FWHM of the peak (111) using

Scherrer’s formula was found to be 6.702 mm.
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Figure 3.1: Visual identification of biosynthesized AgNPs as recorded at different
time-interval: (a) Initial, (b) 2 h, and (¢) 4 h. The formation of reddish-brown colour

revealed the formation of AgNPs in the reaction mixture.
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Figure 3.2: UV-Vis absorption spectra of biosynthesized AgNPs using M. micrantha

leaf extract at different time intervals.
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Figure 3.3: FT-IR analysis of (a) biosynthesized AgNPs (b) M. micrantha leaf extract
(MMAE), and (c) Silver nitrate.
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Figure 3.4: (a-d) SEM micrographs of biosynthesized AgNPs. Elemental mapping of
(e) silver, (f) oxygen, and (g) both elements for the inset region, and (h) EDS data of
the area in the white box in (c). Scale bars: (a) 1 um (b) 10 pum (c) 100 pum, and (e-g

and inset) 1 um.
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Figure 3.5: (a-d) TEM micrograph showing size of biosynthesized AgNPs Scale bars:
(a) 10 nm, (b) 20 nm, (c¢) 50 nm, and (d) 100 nm. (e) Histogram of the TEM image

(100 nm).

46



Chapter 3

300

250 -

200 -+

Intensity (a.u.)
m
<
1

100

50

0 L] L] 1 I L] I
20 30 40 50 60 70 80
2 theta (degree)

Figure 3.6: XRD pattern of biosynthesized AgNPs using M. micrantha leaf extract.
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Figure 3.7: Visual identification of biosynthesized AgNPs as recorded at different
time-interval: (a) Initial, (b) 2 h, and (¢) 4 h. The formation of reddish-brown colour

revealed the formation of AgNPs in the reaction mixture.
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Figure 3.8: UV-Vis absorption spectra of biosynthesized AgNPs using A. ciliata leaf

extract at different time intervals.
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Figure 3.9: FT-IR analysis of (a) Silver nitrate, (b) Acmella ciliata leaf extract
(ACAE), and (c¢) biosynthesized AgNPs.
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Figure 3.10: (a-c) SEM micrographs of biosynthesized AgNPs. Elemental mapping
of (d) oxygen, (e) silver, (f) chlorine, and (g) all three elements for the inset region,
and (h) EDS data of the area in the white box in (¢). Scale bars: (a) 1 um,(b) 100
um,(c) 5 um, and (d-g and inset)1 pm.
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Figure 3.11: (a-d) TEM micrograph showing size of biosynthesized AgNPs Scale
bars: (a) 10 nm, (b) 20 nm, (¢) 50 nm, and (d) 100 nm. (e) Histogram of the TEM
image (100 nm).
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Figure 3.12: XRD pattern of biosynthesized AgNPs using A. ciliata leaf extract.
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4. Discussion

This study proposes a green synthesis of silver nanoparticles using leaf extracts
from commonly available invasive alien plants (Mikania micrantha and Acmella
ciliata), as well as their characterization. A multitude of analytical and spectroscopic
methods are employed to determine the properties of nanoparticles, including their
nature, size, shape, distribution, stability or aggregation state, morphology, elemental
composition, and dispersity (whether they are mono-disperse or poly-disperse) (Lin et
al., 2014; Mourdikoudis et al., 2018).

The primary and essential technique to elucidate the generation of silver
nanoparticles during the initial synthesis stage is UV-visible spectroscopy. The
characteristics of AgNPs, such as their shape, size, and distribution, are highly
influenced by surface plasmon resonance. The smaller silver nanoparticles, which are
spherical in shape, exhibit absorption at wavelengths close to 400 nm and have narrow
peaks. In contrast, larger silver nanoparticles exhibit a redshift, indicating they absorb
at longer wavelengths and display broader peaks. The appearance of secondary peaks
at higher wavelengths, accompanied by a decrease in intensity and broadening of the
peaks, indicate the stability of AgNPs and particle aggregation (Paramelle e al., 2014).
Furthermore, broadening peaks provides information about the dispersion of AgNPs
(Meva et al., 2019). Specifically, the colour of the solution during synthesis is also a
characteristic of its size and shape, and the distinctive colour of the solution allows for
the perception and monitoring of the progress of the synthesis reaction (Im et al,
2005). This colour change was due to the excitation of surface plasmon resonance
(SPR) of the silver nanoparticles. Electrostatic interactions between metal complexes
and organic functional groups, such as polyphenols, flavonoids, terpenoids, amino
acids, reducing sugars and alkaloid of the leaves extract are involved for the formation
and stabilization of silver nanoparticles (Widatalla et al., 2022). Nevertheless, UV-vis
spectroscopy alone does not provide a comprehensive understanding of the produced
AgNPs.

FT-IR spectroscopy was employed to determine the primary functional groups
and their potential role in the production and stabilization of silver nanoparticles. In

order to analyse the presence of chemical residue on the surface of AgNPs, Fourier
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transform infrared spectroscopy (FT-IR) examines the interaction between infrared
electromagnetic radiation and the bonding in molecules, specifically the stretching and
bending vibrations that occur in the range of 4000-400 cm™*region (Zhang et al., 2016).
The single-bonded C-H alkane and -CH3-sym stretching vibrations were responsible
for the absorption peak detected at 2,910 cm™* and 1521 cm™?, respectively. This
suggests the existence of aromatic and carbonyl groups in the protein and metabolites
found in the M. micrantha leaf extract (Shahzadi et al., 2022). The stretching of
carbonyl groups (C=0) is responsible for the high peak at 1,627 cm™?, indicating the
presence of compounds such as terpenoids and flavonoids (Biswas et al., 2018). The
peak at 1,029 cm™* corresponds to C-O stretching from alcohol, carboxylic acid, ester,
and ether assigned by protein and metabolite functional groups covering the AgNPs
(Bhakya et al., 2016). The peak at 516 cm™ corresponds to C-Cl, C-Br stretching
vibrations to alkyl halides (Ahmed and Ikram, 2015). The peak at 2,937 cm ! and
1549 cm™* can be assigned to the C—H-asym. stretching vibration and -CHs-sym.
stretching vibration respectively, which indicates the presence of aromatic and
carbonyl groups of the protein and metabolites present in the A. ciliata leaf extract
which is probably involved in the reduction of Ag* to Ag® (Kalyanasundaram et al.,
2012). The strong peak at 1,650 cm™ can be assigned to the stretching of carbonyl
groups (C=0) which indicates the presence of compounds like flavonoids and
terpenoids (Huang et al., 2007) that are responsible for the efficient capping and
stabilization of biosynthesized AgNPs. Comparison of the FT-IR spectra of the plant
extract and AgNPs revealed a shift in the absorption peak of the hydroxyl and carbonyl
groups, suggesting that these biomolecules act on both the bio-reduction and
stabilization of AgNPs synthesized using leaf extract. The reduction, capping, and
stability of AgNPs are attributed to the involvement of amide (-CO-NH2), carbonyl (-
CO), and hydroxyl (-OH) functional groups, as demonstrated by the FT-IR spectral
analysis (Das et al., 2019; Hamouda et al., 2019; Zahed et al., 2018). Biological
components have the ability to interact with metal salts through functional groups and
facilitate their reduction into nanoparticles (Singh et al., 2018).

The XRD pattern analysis validated the crystalline structure of the silver
nanoparticles. Due to the distinct X-ray diffraction (XRD) pattern exhibited by each

crystalline material, it serves as a reliable identification tool and allows for the
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determination of its crystallinity (Rai et al., 2013). The four diffraction peaks observed
at 2q values of 38.15, 44.30, 64.53, and 76.96 can be attributed to the reflection planes
(111), (200), (220), and (311) of the face-centered cubic structure of silver. Aside from
the Bragg peaks that are indicative of silver nanocrystals, there were also peaks at
27.89, 32.24, 46.26, and 54.79. The presence of organic compounds in the extract is
responsible for the reduction of silver ions and the stability of the generated
nanoparticles, leading to the formation of these peaks (Almatroudi, 2020). The XRD
pattern observed aligns with previous findings (Meena et al., 2020).

Scanning electron microscopy (SEM) has been utilized to analyse the surface
structure, dimensions, clustering, and dispersion of nanoparticles using electron beams
as imaging probes. This instrument offers high-resolution images at the nanoscale
scale, illustrating the role of biomatrix in encapsulating AgNPs and measuring the size
of nanoparticles (Fissan ef al., 2014). The interactions between hydrogen bonds and
electrostatic interactions among the bioorganic capping molecules attached to the
AgNPs produced the SEM image of the silver nanoparticles. Nevertheless, it
necessitates a dry and conductive sample, and the size measurements from SEM are
occasionally less precise than those from TEM as a result of Van der Waals
concentrations of small entities (Theivasanthi and Alagar, 2011). The SEM analysis
reveals that the plant extract synthesizes high-density AgNPs that are usually spherical
and have a uniform distribution. The nanoparticles exhibited no direct contact, even
when aggregated, suggesting that the nanoparticles were stabilized by a capping agent
(Priya et al., 2011).

The elemental composition, relative abundance, and impurities of
nanoparticles are characterized by energy-dispersive spectroscopy (EDS), based on X-
ray interaction with the sample. The detection of emission peaks at 3 keV indicates the
existence of silver crystallites confirming the formation of silver nanoparticles, while
the absence of any additional peaks confirms the purity of the AgNPs (Radhakrishnan
et al., 2018). Metallic silver nanocrystals typically exhibit an optical absorption peak
at 3 keV as a result of their surface plasmon resonance (Ibrahim, 2015). The emission
energy at 3 keV is a clear indication of the reduction of silver ions to the elemental
silver (Ag") (Parveen et al., 2016). The strong sharp signal observed for silver is a

clear indication of the absorption of the crystalline nature of biosynthesized AgNPs
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(Muthukrishnan et al., 2015). However, the presence of other peaks, such as carbon
and oxygen, suggests the potential interaction of metabolites with AgNPs on the
surface or the oxidation of AgNPs.

Transmission electron microscopy (TEM) is a technique that uses a beam of
electrons to interact with ultrathin samples and provides highly accurate and detailed
imaging information about the size, shape, morphology, state of aggregation, and
distribution of nanoparticles at a nano-meter resolution. This technique is considered
to be the most precise and high-resolution method for studying nanoparticles (Borchert
et al., 2005; Williams and Carter, 1996). Additionally, it is beneficial to visualize the
function of capping agents and the encapsulation of metabolites by AgNPs. TEM
studies have confirmed the formation of nanocrystalline silver particles, which mostly
exhibit a spherical shape and tend to form small aggregates (Dawadi et al., 2021). The
TEM images revealed a fine bioactive component coating the small particle
aggregates, acting as a capping organic agent. This may also account for the fact that
the nanoparticles exhibited a highly effective dispersion within the bio-reduced
aqueous solution, even at the macroscopic level (Kouvaris et al., 2012).

There is a noticeable disparity in the size of spherical AgNPs within the same
sample when examined using different techniques, highlighting the inconsistencies
arising from the various instrumental methods. Nevertheless, each characterization
technique in the synthesis of AgNPs is significant in that it offers a comprehensive
understanding of the properties, which then serves as the foundation for the
applications. The data and results acquired from these characterization techniques are
complementary in nature, as they validate each other and provide distinct perspectives

on the results, which are crucial for scientific research.

5. Conclusion

A sustainable and economical method for producing silver nanoparticles has
been proposed using invasive alien plants. The synthesis reaction of AgNPs appeared
to reach completion within an hour, and it was determined that room temperature
facilitated the formation of smaller particles. Furthermore, the initial concentration of
silver nitrate significantly influenced the size distribution of AgNPs. The

biosynthesized AgNPs were characterized by UV-vis spectroscopy, FT-IR, SEM, EDS,
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TEM, and XRD. Our study shows that Mikania micrantha and Acmella ciliata leaf
extract is capable for the green and eco-friendly synthesis of silver nanoparticles which
provides simple, cost effective and efficient methodology. The formation of AgNPs
was confirmed by a UV-Vis spectrum that revealed an absorption band at 459 nm
(MNP) and 430 nm (ANP). A shift in the absorption bands in FT-IR confirmed the
bioactive molecules of leaf extract that acted as a reducing and capping agent.The
crystalline nature is evident from sharp peaks in the XRD spectrum.The presence of
elemental silver was indicated by EDS. SEM and TEM studies validated the spherical
shape and size of AgNPs, respectively. Further research into AgNPs synthesized using
extracts from M. micrantha and A. ciliata leaves could bring a promising application

in the fields in agriculture and medicine.
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Chapter 4
Free radical scavenging activities of Mikania micrantha silver
nanoparticles and Acmella ciliata silver nanoparticles (in-vitro and ex-

vivo)

1. Introduction

Nanoparticles (NPs) display novel and enhanced physicochemical
characteristics, which are determined by their size, morphology, distribution, and their
attachment to other organic/biological substances, in contrast to their larger
counterparts at the macro scale (Joudeh and Linke, 2022). Silver nanoparticles
(AgNPs) exhibit remarkable biochemical and catalytic activity, which can be
attributed to their considerably large surface area in comparison to other particles with
comparable chemical structures (Kumar et al., 2020). Biological catalysts (enzymes)
are necessary for the reduction of Ag* ions, and several plant extracts can be used to
produce AgNPs with antioxidant characteristics. Research findings suggest that
biomolecules such as proteins, polyphenols, and flavonoids are involved in both the
reduction of ions to nanoscale size and the capping of nanoparticles. Plants are
considered an extremely promising system for nanoparticle synthesis because of their
remarkable ability to yield a wide variety of bioactive secondary compounds with
significant reduction potential. Plants are less susceptible to metal toxicity compared
to bacteria and algae, making them a viable alternative for the production of silver
nanoparticles (Pandey et al., 2013). Plant-derived polyphenols are widely recognized
as the broad category of natural antioxidants, possessing exceptional potential as
pharmaceuticals, nutraceuticals, and food supplements. The ability of plant extracts to
produce nanoparticles with enhanced properties can be linked to the strong reducing
properties of these secondary metabolites (Kharissova et al., 2013).

ROS, or reactive oxygen species, are ions or molecules that possess unpaired
electrons (Li ef al., 2016). Several enzymes, including cytochrome P450, xanthine
oxidase, and NAD(P)H oxidase, produce radical superoxide by reducing molecular

oxygen by one electron within the cell. In addition to these enzymes, a variety of
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external sources, including ionizing radiation, fossil burning furnaces, pollutants from
automobiles, cigarette smoke, various drugs, and specific types of other chemical
compounds, also contribute to the generation of ROS. Reactive oxygen species (ROS)
such as hydroxyl, superoxide, peroxylnitrile, and singlet oxygen generate oxidative
stress, leading to the growth of various diseases such as inflammation, atherosclerosis,
aging, cancer, and neurodegenerative disorders (Jomova et al., 2023). Oxidative stress
is a condition that arises when there is an imbalance between the protective
mechanisms of cells against oxidation and the presence of oxidants. Oxidative stress
can arise due to three main factors: (i) an elevated rate of reactive oxygen species
(ROS) generation; (i1) insufficiencies in low-molecular-weight antioxidants; and (iii)
the deactivation of enzymes with antioxidant properties. An increased and/or extended
condition of oxidative stress can cause severe damage to the cell and potentially lead
to its death (Brown and Borutaite, 2001). The existence of oxidants causes molecular-
level oxidative changes in the biological system (unsaturated bonds in lipids, proteins,
DNA, etc.), which damage the system and ultimately accelerate cellular death (Azeez
et al, 2017). This situation, known as oxidative stress, occurs when there is an
excessive production or accumulation of reactive compounds and the body's defense
mechanisms are unable to cope with them. A balance between oxidants and
antioxidants (AOs) within the cell is essential for cell function, growth, regulation, and
adaptation as ROS plays a significant role in cell survival, cell mortality, inflammation,
cell signalling and differentiation (Bardaweel ef al., 2018).

Antioxidants are substances, whether natural or synthetic, that have the
potential to prevent or delay the damage to cells caused by oxidants (e.g., free radicals,
reactive oxygen species, and other unstable molecules) (Apak et al., 2016). For a
substance to be classified as an antioxidant, it must exhibit activity at low
concentrations, have a sufficiently high quantity to neutralize the specific molecule,
react with oxygen or nitrogen free radicals, and produce a final reaction product that
1s less toxic than the removed radical. Antioxidants may function through a wide range
of mechanisms, including the scavenging of radicals, the sequestration of transition
metal ions, the decomposition of hydrogen peroxide or hydroperoxides, the quenching
of active pro-oxidants, the enhancement of endogenous antioxidant defense, and the

repair of the resulting cellular damage. Hence, antioxidants are occasionally
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categorized as either primary or chain-breaking antioxidants or as secondary or
preventative antioxidants (Flieger et al., 2021). Cells possess antioxidant enzymes,
including catalase, superoxide dismutase (SOD), glutathione (GSH) and GSH-related
enzymes, lipoic acid, N-acetyl-L-cysteine, thioredoxin, ubiquinones and vitamin E,
which help eliminate excessive reactive oxygen species (ROS). Oxidative stress (OS)
occurs when there is an imbalance between the creation of reactive oxygen species
(ROS) and their breakdown by the antioxidant defense mechanism in the cell (Kovacic
et al, 2005). Elevated levels of ROS are accountable for numerous detrimental
consequences, including DNA and mitochondrial damage, protein and lipid oxidation,
initiation of apoptosis, acceleration of aging, and promotion of carcinogenesis (Panyal
et al., 2008).

The efficacy of the silver phyto-nanosystem for the treatment of disease is
attributed to its antioxidant properties. The synthesis of silver nanoparticles in
involved the use of several phenolic compounds, such as flavonoids (quercetin, rutin,
and hesperidin), benzoic acids (gallic acid, protocatechuic acid, salicylic acid, and
benzoic acid), and cinnamic acids (caffeic acid, ferulic acid, p-coumaric acid, and
trans-cinnamic acid) (Bhutto er al., 2018). The antioxidant abilities of phenolic
compounds with varying structures were assessed. The hydroxylation of the aromatic
ring significantly influenced the production of silver nanoparticles. The higher degree
of hydroxylation in the chemical structures of phenolic compounds demonstrated the
increased radical scavenging capacity and greater tendency to reduce Ag" to AgNPs
(Docea et al., 2020). Silver can occur in two states of oxidation (Ag" and Ag*")
depending on the conditions of the reaction, which accounts for the mechanism of
silver nanoparticles' antioxidant activity. The AgNPs that are generated may be
capable of neutralizing free radicals by providing or accepting electrons
(Shanmugasundaram et al., 2013). Generally, the chemical composition of the extract
determines the antioxidant activities of silver nanoparticles, which enhance as the
concentration of AgNPs increases. The nanoparticles demonstrate high scavenging
activity when the extract is abundant in phenolic compounds and flavonoids.

The DPPH (1,1-diphenyl-2—picrylhydrazyl radical) and ABTS (2,2-Azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid radical) assays are the most popular and

efficient methods used to estimate antioxidant activity (Bedlovicova ef al., 2020). The
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free radical chain reaction can be disrupted by the donation of hydrogen to free radicals
by a variety of biologically active substances in plant extracts, such as enzymes,
polyphenols, and alkaloids. Elemike et al. (2017) attribute the antioxidant properties
of AgNPs to the presence of phenolic compounds, and flavonoids and terpenoids in
plants, which allow the nanoparticles to act as singlet oxygen quenchers, hydrogen
donors, and reducing agents. Consequently, the specific capping of AgNPs for
medicinal plants, whose extracts contain a diversity of antioxidant compounds
(polyphenols, flavonoids, etc.), may also be associated with elevated levels of
antioxidant activity of silver nanoparticles (Chang et al, 2001). The antioxidant
activity of the nanoparticles is mostly determined by the reducing substances that are
bound or capped to the surface of the nanoparticles. Thus, this study aimed to
investigate the potential of AgNPs using the aqueous leaf extract of M. micrantha and
A. ciliata for free radical scavenging action, anti-haemolytic and lipid peroxidation

inhibition.
2. Materials and methods

2.1 Chemicals and reagents

1,1-diphenyl 2-picrylhydrazyl (DPPH) radicals and thiobarbituric acid were
obtained from Sigma Aldrich Inc (Louis, Germany). 2,2'-azino-bis- (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), , nicotinamide adenine dinucleotide,
gallic acid, 2-deoxyribose, phenazine methosulfate, sodium nitrite, nitro blue
tetrazolium (NBT), potassium persulfate, Quercetin dihydrate, ferric chloride,
disodium hydrogen phosphate and hydrogen peroxide (H>O, ) were obtained from
HiMedia Laboratories Pvt., Ltd. (Mumbai, India). Potassium ferricyanide was
purchased from Loba Chemie Pvt., Ltd. (Mumbai, India). Folin—Ciocalteu’s reagent,
ascorbic acid (ASA), trichloroacetic acid (TCA), ferrous sulfate, sodium carbonate,
and sodium hydroxide were purchased from SD fine—Chem Ltd. (Mumbai, India).
Aluminum chloride, Ethylenediaminetetraacetic acid and sodium dihydrogen

phosphate were obtained from Merck Specialities Pvt., Ltd. (Mumbeai, India).)
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2.2 Determination of free radical scavenging activity (in vitro)
2.2.1 DPPH radical scavenging activity

DPPH radical scavenging activity of the biosynthesized AgNPs was assessed
using the standard protocol (Leong and Shui, 2002) with minor modifications. Briefly,
1 ml of methanolic solution of DPPH (0.1 M) was added to different concentration of
AgNPs (0.5 ml, 1-10 pg/ml) and incubated in dark for 30 min. The optical density of
the solution was measured at 523 nm using UV-Visible spectrophotometer (SW 3.5.1.0.
Biospectrometer, Eppendorf India Ltd., Chennai). The antioxidant activity of AgNPs
was expressed as 1Cso, the concentration (pg/ml) of AgNPs that inhibits the formation
of DPPH radicals by 50%. Each test was performed in triplicate and the scavenging
activity of AgNPs was compared with the standard ascorbic acid (ASA) and aqueous
leaf extract. Based on the percentage of DPPH radicals scavenged, the scavenging

activity was then estimated using the formula:

blank — Asample

A
Scavenging (%) = x 100

Ablank

Where Avlank 1s the absorbance of the control (solution containing all the reagents

except AgNPs) and Asample 1 the absorbance of the solution containing AgNPs.

2.2.2 ABTS radical scavenging activity

The ABTS radical scavenging activity of AgNPs was determined according to
the standard method described earlier (Re et al, 1999). Briefly, a stock solution
containing 5 ml each of 7 mM ABTS and 2.4 mM potassium persulfate was prepared
and incubated for 12 h at room temperature in the dark to yield a dark-colored solution
that contains ABTS'* radicals. A fresh working solution was prepared by diluting the
stock solution with 50% methanol having an initial absorbance of 0.70 (+0.02) at 745
nm before each assay. ABTS " radicals scavenging activity was then determined by
mixing AgNPs (5-35 pg/ml) with ABTS working solution in a ratio of 1:10. The
decrease in absorbance was measured immediately at 745 nm. Each test was performed

in triplicate and the scavenging activity of AgNPs was compared with the standard
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ascorbic acid (ASA) and aqueous leaf extract. The scavenging activity was then

calculated using the formula:

Ablank - Asample

x 100

Scavenging (%) = 1
blank

Where Avlank 1s the absorbance of the control (solution containing all the reagents

except AgNPs) and Asample 1 the absorbance of the solution containing AgNPs.

2.2.3 Superoxide radical scavenging activity

Superoxide scavenging activity of AgNPs was determined by the Nitroblue
tetrazolium (NBT) reduction method (Khan et al, 2012) with minor modifications.
Briefly, the reaction mixture containing 1 mM NBT (dissolved in 100 mM phosphate
buffer), | mM NADH (dissolved in 100 mM phosphate buffer) and 0.1 ml of different
concentration (1-25 pg/ml) of AgNPs was prepared. Following the addition of 60 uM
PMS (dissolved in 100 mM phosphate buffer) the samples were then incubated for 15
min under visible light and the absorbance was read at 530 nm. The superoxide radical

scavenging activity was then calculated using the following formula:

e

Scavenging (%) = x 100

(o]

Where A, is absorbance without sample and Ae is absorbance with the sample.

2.2.4 Reducing power

The reducing power of AgNPs was estimated using the method describe earlier
(Oyaizu, 1986) with minor modifications. Briefly, a solution containing 0.1%
potassium ferricyanide and 0.2 M phosphate buffer (pH-6.6) in a ratio 1:1 was mixed
with different concentration (10 - 100 pg/ml) of AgNPs. Following the addition of 10%
TCA, the mixture was incubated for 20 min at 50 °C and then centrifuged at 3000 rpm
for 10 min. The supernatant was taken and equal volume of distilled H.O was added
followed by addition of 1% ferric chloride solution. The absorbance of the mixture was
measured at 700 nm. The increase in absorbance indicated increasing reducing power

of AgNPs.
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2.3 Ex vivo antioxidant assay

The inbred Swiss albino mice colony is being maintained under controlled
conditions of temperature (220C + 50C) and 12 h light-dark cycles (Frontier Euro
Digital Timer, Taiwan) at the Animal Care Facility of the Department of Zoology,
Mizoram University, Aizawl, India. The animals were fed with commercially available
food pellets and water ad /libitum. The animal care and handling were carried out

according to the guidelines issued by World Health Organization, Geneva, Switzerland.
2.3.1 Anti-haemolytic activity

The inhibitory effect of AgNPs against mice erythrocyte haemolysis was
measured (Zhao et al., 2014) to determine its antioxidative potential. All experimental
procedure involving animal care and handling was carried out in accordance with the
guidelines of American Veterinary Medical Association (AVMA) for the Euthanasia of
Animals (2020) and approved by the Mizoram University Institutional Animal Ethical
Committee (MZU/TAEC/2022-23/03). Blood was collected from healthy adult Swiss
albino mice by heart puncture in a heparinized tube. Erythrocyte haemolysis was
induced with hydrogen peroxide (H20O>) that serves as free radical initiator. A reaction
mixture containing 5 % (v/v) suspension of RBC in PBS, 0.2 ml of different
concentration (0.1-0.5 mg/ml) of AgNPs and 1 mol/L H>O; was prepared. The mixture
was incubated at 37 °C for 3 h with constant gentle agitation. Following dilution with
PBS, the solution was centrifuged at 2000 rpm for 10 min, the absorbance of the
supernatant was measured at 540 nm. The inhibition rate of erythrocyte haemolysis

was then calculated.

Inhibition rate (%) = [1 — (4; — 4,)A,] X 100

Where, Ao is the absorbance of the control, A; is the absorbance of the solution

containing AgNPs and A; is the absorbance without RBC.
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2.3.2 Inhibition of lipid peroxidation

Lipid peroxidation inhibitory action of AgNPs was measured according to the
standard method (Gill ef al., 2015) using mice liver. The liver homogenate (1 % w/v)
prepared in PBS was centrifuged at 3000 rpm at 4 °C for 10 min and the supernatant
(0.5 ml) was mixed with different concentrations (0.05-0.2 mg/ml) of AgNPs.
Following the addition of 25 mmol/L FeCl; and H>O., the solution was incubated at 37
°C for 1 h and absorbance was measured at 535 nm. The rate of inhibition of lipid

peroxidation was calculated using the formula:
Inhibition rate (%) =1 — (4, — 3—2) x 100
0

Where, Ao is the absorbance of the control, A; is the absorbance of the solution

containing AgNPs and A; is the absorbance without liver homogenate.

2.4 Statistical analysis

Data are expressed as mean =+ standard error of the mean. One-way ANOVA
followed by Tukey’s test was performed to test significant variations in free radical
scavenging activities using SPSS ver.16.0 software (SPSS Inc, Chicago, IL, USA).The
ICso was also calculated using GraphPad Prism software ver. 6.0. A ‘p’ value of less

than 0.05 was considered statistically significant.

3. Results
3.1 In vitro antioxidant assays of Mikania micrantha silver nanoparticles (MNP)

The antioxidative potential of AgNPs was determined by in vitro antioxidant
assays using DPPH, ABTS"* and O>*. The free radical scavenging activities of AgNPs
increased in a concentration-dependent manner. To determine the ICso, the log-doses
of AgNPs, M. micrantha aqueous extract (MMAE), and ascorbic acid (ASA) were
plotted against the inhibition (%) of DPPH, ABTS"", and O2" radicals (Figure 4.1).
The scavenging activities of AgNPs against DPPH (ICso: 4.90 + 0.31 ug/ml), ABTS"*
(ICs0: 16.27 £+ 0.62 pug/ml) and O2* (ICso: 13.33 £ 0.38 pg/ml) were found to be
significantly higher than MMAE (ICso: 991.86 + 11.30 pg/ml for DPPH; 1256.67 +
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9.53 pg/ml for ABTS™™; 2713.67 + 89.99 pg/ml for O»*). Despite non-significant
variations, AgNPs outperformed standard ASA in DPPH and ABTS'* scavenging.
Similarly, no significant variation (p > 0.001) was found between AgNPs and the
standard ascorbic acid in O2* scavenging activities (Figure 4.2). The ability of AgNPs
to convert ferric (Fe*") into ferrous (Fe?") was used to determine their reducing power
and the reducing activity of AgNPs increased in a dose-dependent manner. The total
reducing power of AgNPs at 100 pg/ml (0.39 + 0.004) was found to be significantly
(p <0.001) higher than MMAE (0.15 £ 0.006) and standard ascorbic acid (0.29 +0.01)
(Figure 4.3). This study showed that the high ferric-reducing power of AgNPs is a

crucial indicator of its potential antioxidant activity.

3.2 Ex vivo antioxidant assay of Mikania micrantha silver nanoparticles (MNP)

The concentration of AgNPs determines the potential of their anti-haemolytic
activity and ability to inhibit lipid peroxidation (Figure 4.4). At a concentration of 0.5
mg/ml, the inhibitory activity of AgNPs against mice erythrocyte haemolysis was
61.7% indicating the potent anti-haemolytic activity of biosynthesized AgNPs. The
highest inhibitory effect of AgNPs against lipid peroxidation in mice liver homogenate

was recorded at 0.2 mg/ml with an inhibition rate of 79.9 %.

3.3 In vitro antioxidant assays of Acmella ciliata silver nanoparticles (ANP)

In vitro antioxidant assays using DPPH, ABTS'* and O* revealed the
antioxidative potential of AgNPs. The free radical scavenging activities of AgNPs
increased in a concentration-dependent manner. Log-doses of AgNPs, ACAE and ASA
were plotted against inhibition (%) of DPPH, ABTS " and O,* radicals for the
calculation of ICso [Figure 4.5(a-c)]. The scavenging activities of AgNPs against
DPPH (ICso: 3.85 & 0.04 pg/ml), ABTS *(ICso: 14.62 £ 0.10 pg/ml) and O>* (ICso:
16.13 + 0.11 pg/ml) were found to be significantly higher than ACAE (ICso: 474.0 +
8.80 pg/ml for DPPH; 1409.33 + 17.8 pg/mL for ABTS; 6156.33 + 15.23 pg/ml for
02%). Despite the non-significant variations, AgNPs showed better scavenging
activities against DPPH and ABTS " when compared to the standard ASA. Similarly,

no significant variation (p > 0.001) was found between AgNPs and the standard
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ascorbic acid in O* scavenging activities [Figure 4.6(a-c)]. The reducing power of
AgNPs was assessed by measuring their ability to transform ferric (Fe*") into ferrous
(Fe?"). The reducing activity of AgNPs also increased in a dose-dependent manner.
The total reducing power of AgNPs at 100 pg/ml (0.40 £ .005) was found to be
significantly higher than ACAE (0.17 +.003) and standard ascorbic acid (0.29 + 0.01)
(Figure 4.7).

3.4 Ex vivo antioxidant assay Acmella ciliata silver nanoparticles (ANP)

Lipid peroxidation in liver cells of mice and haemolysis was induced using
H>0O> and the inhibitory potential of AgNPs was studied. Both the anti-haemolytic
activity and lipid peroxidation inhibitory effect of AgNPs occurs in a concentration-
dependent manner [Figure 4.8(a,b)]. Inhibitory activity of AgNPs against mice
erythrocyte haemolysis at the dose of 0.5 mg/ml was 64.07 % indicating the potent
anti-haemolytic activity of biosynthesized AgNPs. The highest inhibitory effect of
AgNPs against lipid peroxidation in mice liver homogenate was recorded at 0.2 mg/ml

with an inhibition rate of 84.2 %.
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Figure 4.1: Plots of log-doses of AgNPs, MMAE and ASA against (a) DPPH, (b)
ABTS, and (¢) O>* inhibition (%) for the calculation of ICso. AgNPs: biosynthesized
AgNPs using M. micrantha leaf extract; MMAE: M. micrantha leaf extract; ASA:
Ascorbic acid (standard).
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AgNPs: biosynthesized AgNPs using M. micrantha leaf extract; MMAE: M.
micrantha leaf extract; ASA: Ascorbic acid (standard). Values are expressed as Mean
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Figure 4.4: (a) Anti-haemolytic, and (b) lipid peroxidation inhibitory activities of
biosynthesized AgNPs. Values are expressed as Mean = SEM, n=3. Different letters

indicate significant variation.

70



Chapter 4

—_
&

—-o— AgNPs
100+
T -+ ACAE
o
a 804 -+ ASA
a)
]
~ 607
S
5 40
2
‘= 204
£
0

I I I I I I 1
00 05 10 15 20 25 30 35
Log-Doses (g/ml)

(b)
-o— AgNPs

100-
” = ACAE
b 80 + ASA
<
ks
2 60-
S
£ 401
E
Z 20
=

0 1 I I I 1 1 I 1

00 05 10 15 20 25 30 35 40
Log-Doses (gg/ml)

- AgNPs
-+ ACAE
-+ ASA

0.0 05 10 15 20 25 30 35 40
Log-Doses (gg/ml)

—
o
-~
[N
o
T

B~ o o
T T T

~no
T

Inhibition (%6) of superoxide

0

Figure 4.5: Plots of log-doses of AgNPs, ACAE and ASA against (a) DPPH, (b)
ABTS, and (¢) O>* inhibition (%) for the calculation of ICso. AgNPs: biosynthesized
AgNPs using A. ciliata leaf extract; ACAE: A. ciliata leaf extract; ASA.



Chapter 4

(a) Fa6 = 3457.21; p < 0.001
600
Z 5004 _a
o
S
= 300+
£ 1571
& 10 b
S 5- b
o_
ACAE AgNPs ASA
(b) F, 6 = 5988.16; p < 0.001
a
1400
2 12004
k- 1200
< 1000
2 8004
E 507 b
& 407
= 30
g 204 b
= 10-
O_
ACAE AgNPs ASA
(c) Fy6 = 9965.16; p < 0.001
% a
5 6000
& 50004
]
S 4000+
= 257
g 20_ b
2 154 b
& 10
S
O_

ACAE AgNPs ASA

Figure 4.6: ICso (ug/ml) of AgNPs, ACAE and ASA for (a) DPPH, (b) ABTS, and (c¢)
0,*. AgNPs: biosynthesized AgNPs using A. ciliata leaf extract; ACAE: A. ciliata leaf
extract; ASA: Ascorbic acid (standard). Values are expressed as Mean + SEM, n=3.

Different letters indicate significant variation.



Chapter 4

= AgNPs
0.57 mm ACAE
c a = ASA
c 0.4-
o
4 a
= 0.31
bt
g 0.2 b
O
|-
2
o 0.1-
<
0.0-
10 25 50 100

Concentration (gg/ml)

Figure 4.7: Reducing power of AgNPs, ACAE and ASA at different concentrations.
AgNPs: biosynthesized AgNPs using A4. ciliata leaf extract; ACAE: A. ciliata leaf
extract; ASA: Ascorbic acid (standard). Values are expressed as Mean = SEM, n=3.

Different letters indicate significant variation.

F,, =2728.49; p <0.001 F, 5= 201.94; p <0.001
80 100~
c <
60- 80
S b :
— += 60_
2404  a 2 b
£ £ 404
AN o
° 204 s a
20
0- T 0- T
0.1 0.25 05 0.05 0.1 0.2
Concentration (mg/ml) Concentration (mg/ml)

@) (b)
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4. Discussion

Despite the crucial roles of ROS in modulating many physiological activities
of the body, excessive generation of ROS can impair the antioxidant defence
mechanisms of the body resulting in a condition called 'oxidative stress'. Use of plants
and plant-derived products as a source of natural antioxidants has been practised as a
standard way for maintaining oxidative balance due to their high phytochemical
contents, which are often harmless. Due to their ability to effectively scavenge free
radicals, gold, silver, and selenium nanoparticles have been found to significantly
reduce oxidative stress (Bhakya ef al., 2016; Sood et al., 2018). The ability of AgNPs
to efficiently convert the purple radical DPPH into the non-radical yellow DPPH-H
and ABTS™" to ABTS in the current study are also an indication of their strong
antioxidant activities. The green synthesis of AgNPs depends mainly on the keto-enol
conversion of polyphenolic compounds, which possess significant antioxidant and
radical-scavenging properties (Abdel-Aziz et al., 2014). Antioxidant activities of
silver nanoparticles are based on the chemical composition of the extract and tend to
improve as AgNPs concentration increases. The invasive plants, M. micrantha and A.
ciliata are rich in structurally diverse phenolic compounds with potential health
benefits for humans (Dong ef al., 2017; Rahim et al., 2021). The nanoparticles of an
extract rich in phenolic compounds and flavonoids have a greater potential for radical
scavenging (Bedlovicova ef al., 2020). The main factor contributing to the antioxidant
properties of plants and plant-derived compounds is the presence of phenolic
compounds, which have hydroxyl groups and conjugated ring structures enabling
them to catalyze the scavenging of free radicals involved in oxidative processes via
hydrogenation (Kumar and Goel, 2019). Furthermore, the induction of lipid
peroxidation by a highly reactive superoxide anion radical, a by-product of inefficient
oxygen metabolism, can result in tissue damage (Aruoma and Halliwell, 1987).
Stronger reactive oxygen species (ROS), including hydroxyl radicals, can be created
when the superoxide (O2") radical decomposes. As a result, scavenging of O>*” will
prevent the chain of ROS formation, thereby preventing oxidative damage to the cells.
The bioactive compounds of M. micrantha and A. ciliata leaf extract that attached to

the spherical form nanoparticles are responsible for the free radical scavenging
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abilities of biosynthesized AgNPs against DPPH, ABTS “* and O2" via transferring of
a single electron and hydrogen atom (Vaiserman et al., 2020). The simultaneous action
of phenolic compounds as antioxidant agents and silver ions as a catalyst may be the
reason of the greater scavenging activities of biosynthesized AgNPs compared to the
plant leaf extract. The reducing power of AgNPs was assessed by assessing the
oxidation of Fe3" to Fe2". The reducing power of AgNPs, which occurs in a dose-
dependent manner, may significantly indicate their potential antioxidant activity. The
function of antioxidants has been attributed to multiple mechanisms, including the
prevention of chain initiation, binding of transition metal ion catalysts, breakdown of
peroxides, mitigation of continued hydrogen abstraction, reductive ability, and radical
scavenging (Fahn and Cohen, 1992).

One of the main targets of free radicals is the cellular membrane, and
haemolysis occurs as a result of membrane damage brought on by the chain reaction
of free radicals on erythrocytes (Ebrahimzadeh et al., 2009). Damage to membranes
can result from the peroxidation of lipid moieties by the actions of free radicals, such
as polyunsaturated fatty acids (Klaunig et al., 1998). In this study, H>O> was used to
induce haemolysis and lipid peroxidation in mice liver cells, and the inhibitory effect
of AgNPs was examined. The present study indicated the protective actions of
biosynthesized AgNPs against haemolysis and lipid peroxidation. The bioactive
components of the plant are responsible for nanoparticle formation and impart
biological properties such as anti-haemolytic activity (Badmus et al., 2022). It has
been observed that some phenolic compounds partitioned cell membranes, preventing
free radical transport and decreasing the kinetics of free radical interactions (Singh et
al., 2008). Moreover, flavonoids have been shown to bind to the membrane of
erythrocytes, which increased their integrity against lyses and inhibited lipid
peroxidation (Chaudhuri ef al., 2007). Based on our findings, biosynthesized AgNPs
may interact with the lipids of the erythrocyte membrane and have a protective effect
against haemolysis because of their distinctive physio-chemical characteristics and

high surface area to volume ratio.
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5. Conclusion

The standard approach for synthesizing AgNPs is a biological technique,
mostly employing plant extracts to reduce silver ions and create stable Ag’
nanoparticles. Due to the prevalent use of plant extracts in synthesizing nanoparticles,
the antioxidant activity of AgNPs is frequently compared to that of the plant extract.
However, nanoparticles consistently demonstrate more significant results than the
plant extract itself. The chemical composition of the extract typically influences the
antioxidant effects of silver nanoparticles, and these attributes generally enhance as
the concentration of AgNPs increases. When the extract is abundant in flavonoids and
phenolic compounds, the nanoparticles demonstrate significant scavenging activity.
Therefore, biogenic synthesis offers numerous opportunities to investigate novel green

precursor strategies.
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Chapter 5
Antioxidant-mediated ameliorative of Acmella ciliata silver
nanoparticles activity against doxorubicin-induced toxicity in

Dalton’s Lymphoma Ascites (DLA) bearing mice

1. Introduction

The utilization of biological methods in the synthesis of nanoparticles has been
found to be advantageous in the production of metal nanoparticles. Biomolecules such
as amino acids, proteins, NAD(P)+ reductases, dehydrogenases and various secondary
metabolites present in the plant extract reduced silver ions in the synthesis of AgNPs
(Xu et al., 2020). In the synthesis of AgNPs, plant extract acts as both a reducing and
stabilizing agent that protects from agglomeration and affects the morphology of
nanoparticles by preventing their uncontrolled growth (Saranyadevi et al., 2014). The
biosynthesis of AgNPs mediated by phytocompounds found in the plant extract can
operate as efficient antioxidants or free radical scavengers by reducing ROS
generation and protecting various biomolecules (Allafchian et al., 2016).

Doxorubicin (DOX) is an indispensable anthracycline antibiotic that displays
a broad spectrum of anti-cancer activity and has been clinically used to treat various
malignant neoplasms (Carvalho et al., 2009). DOX is administered to patients with
solid tumors and haematological malignancies, such as breast, bile duct, prostate,
uterus, ovary, oesophagus, stomach, and liver tumors. It is also used to treat childhood
solid tumors, osteosarcomas, soft tissue sarcomas, Kaposi's sarcoma, acute
myeloblastic and lymphoblastic leukemia, and Wilms Tumor (Danesi et al., 2002,
Borchmann et al., 1997; Breslow et al., 2004). The anticancer activity of DOX has
been linked to its tendency to intercalate into the DNA helix and/or form covalent
bonds with proteins involved in DNA replication and transcription, as demonstrated
by numerous investigations (Box et al, 2007). These interactions cause the
suppression of DNA, RNA, and protein production, ultimately resulting in the death
of the cell (Cutts et al., 1996). DOX has been demonstrated to enter cancer cells

through simple diffusion and bind to the proteasome in the cytoplasm with a high
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degree of affinity. Following its binding to the 20S proteasomal subunit, DOX forms
a DOX proteasome complex, which is then aided by nuclear localization signals and
requires ATP to translocate into the nucleus through nuclear pores. Ultimately, DOX
separates from the proteasome and attaches to DNA because it has a greater attraction
to DNA compared to the proteasome. The therapeutic application of DOX was quickly
hindered by significant obstacles, including the emergence of resistance in cancer cells
and toxicity in normal tissues.

Despite having an effective therapeutic role, DOX administration has been
constrained due to cumulative dose-dependent effects that led to organ toxicity such
as cardiotoxicity, hepatotoxicity and nephrotoxicity, which subsequently reduces its
clinical utility (Shivakumar et al., 2012). Although the mechanisms involved in the
onset of DOX-induced organ toxicity remain obscure, numerous studies have revealed
it to be multifactorial, among which the induction of oxidative stress due to the
generation of free radicals seems to be the key player. Free radicals are atoms,
molecules or ions with unpaired electrons which are biologically derived from oxygen,
nitrogen and sulphur molecules. When present in low to moderate concentrations, free
radicals such as superoxide (O>), hydroxyl radicals (OH), and singlet oxygen (;0?) are
essential in regulating various physiological functions of the body (Halliwell and
Gutteridge, 2015). However, owing to their unpaired electron, they are extremely
reactive with other cellular molecules and can hamper the body’s antioxidant defence
systems thereby leading to oxidative stress (Stadtman, 1992). DOX promotes
oxidative stress by the formation of a semiquinone derivative via an NADPH-
dependent reduction reaction. The redox cycling of semiquinone to quinone in the
presence of oxygen generates superoxide radicals (Oz*’). The superoxide radical
produces several free radicals through a subsequent chain reaction, including
hydrogen peroxide (H>0O») and hydroxyl ions (*OH) (Bachur et al., 1979). In addition,
DOX generates free radicals via an iron ion-dependant non-enzymatic mechanism
thereby resulting in lipid peroxidation, DNA/RNA damage, inhibition of autophagy,
disturbance of calcium homeostasis and the subsequent activation of inflammatory
response and apoptosis (Elberry et al., 2010).

Even though cells are equipped with a strong endogenous antioxidant system

to counter balance the increasing levels of ROS to prevent oxidative stress, it has been
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reported that DOX can suppress the endogenous antioxidant system such as
glutathione and catalase thereby promoting the accumulation of free radicals and
subsequently causing redox imbalance (Sangomla et al, 2018). It is known that
mitochondrial DNA (mt-DNA) reacts with DOX to form adducts that impair the
normal function of mitochondria, protein expression, and lipid oxidation (Eder ef al.,
2006). The oxidation of particular thiol residues in mitochondrial proteins is a crucial
factor in regulating the activation of the permeability transition pore (PTP)
(Constantini et al., 1996). Considering the pro-oxidant properties of DOX, it is
reasonable to predict a correlation between the toxicity of DOX and the induction of
PTP. DOX treatment leads to an elevation in the quantity of oxidized thiol residues in
proteins of the PTP complex (Oliveira et al., 2006). Researchers also reported a decline
in the level of vitamin E and glutathione (GSH), two important cellular antioxidants,
which results in reduced protection against ROS generated during DOX redox cycling
(Cardoso et al., 2008)

DOX-induced apoptosis is a prevalent mechanism in cancer cells, and it is
believed that toxicity in healthy cells may also arise from this effect, albeit through
alternative pathways. DOX-administered animals exhibited elevated levels of Bax, a
protein that promotes apoptosis, and decreased levels of Bcl2, a protein that inhibits
apoptosis (Tsang et al., 2003). DOX, like a multitude of genotoxic agents, induces the
binding of p53 to DNA through the activation of nuclear factor-kB (NF-kB) and p53
promotes apoptotic cell death via caspase cascade activation (Ashikawa et al., 2004).
Multiple efforts have been undertaken to reduce the adverse effects of DOX, including
the use of compounds with antioxidant and/or anti-apoptotic properties, the creation
of effective delivery systems, and the development of DOX alternatives. Thus, one
strategy to combat DOX-induced organ toxicity is an exogenous supply of
antioxidants.

In this study, we explored the ability of biosynthesized AgNPs using Acmella
ciliata leaf extract to provide protective actions against DOX-induced toxicity. 4.
ciliata, commonly known as the toothache plant, is a member of the Asteraceae family.
This herd has been traditionally used for the treatment of various illnesses such as
toothache, throat and gum infections, stomatitis, articular rheumatism, tuberculosis

and leucorrhoea by different communities (Dubey et al., 2013). Different parts of 4.
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ciliata have been shown to contain different bioactive groups including phenolics,
alkyl amide, glycosides, coumarins, triterpenoids and pyroglutamate with potent
anaesthetic, antipyretic, analgesic, antifungal, antimalarial, aphrodisiac, vasorelaxant
and immunomodulatory properties (Paulraj ef al., 2013; Rahim et al., 2021). Since
increased ROS levels are frequently associated with DOX-induced toxicity, an
approach to achieving redox homeostasis may represent an effective tactic to improve
the therapeutic efficacy of doxorubicin. Thus, this study investigated the protective
effects of biosynthesized AgNPs using A. ciliata leaf extract against DOX-induced
cardiotoxicity and hepatoxicity in Dalton's Lymphoma Ascites (DLA) bearing mice.

2. Materials and methods
2.1 Chemicals and reagents

Nicotinamide adenine dinucleotide (NADH), nitro-blue tetrazolium (NBT),
disodium hydrogen phosphate, n-butyl alcohol, 2-thiobarbituric acid (TBA), phenazine
methosulfate (PMS), glutathione reduced, potassium persulfate, gallic acid, quercetin
dihydrate, sodium nitrite, methanol and cumene hydroperoxide were obtained from
HiMedia Laboratories Pvt., Ltd. (Mumbai, India). Glacial acetic acid, aluminium
chloride and 5, 5’-dithio-2-nitrobenzoic acid (DTNB) were obtained from Merck
Specialities Pvt., Ltd. (Mumbai, India). 1-chloro-2,4-dinitrobenzene (CDNB),
cupricsulfate, Trichloroacetic acid (TCA), Folin-ciocalteu’s reagent, sodium hydroxide
and ascorbic acid were obtained from SD finechem Ltd. (Mumbai, India). Doxorubicin

(Getwell Oncology Pvt., Ltd., Haryana, India) was purchased from a local pharmacy.

2.2 Animals and tumor model

All experimental procedure involving animal care and handling was carried out
in accordance with the guidance for caring and using of Laboratory Animals (National
Institutes of Health, USA) and approved by the Mizoram University Institutional
Animal Ethical Committee (MZU/TAEC/2022-23/03). The adult Swiss albino mice
weighing 25-30 g were selected and maintained under controlled temperature (25°C £
2°C) and photoperiod of 12/12 h light/dark cycles (Frontier Euro Digital Timer,

Taiwan) at the Animal Care Facility, Department of Zoology, Mizoram University,
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India. All animals were provided sawdust as bedding and had access to standard food
pellets and water ad [libitum. Dalton's Lymphoma Ascites (DLA) tumor has been
maintained in 10-12 weeks old mice by serial intraperitoneal (i.p) transplantation of
1x10° viable tumor cells per animal (in 0.25 ml Phosphate-buffered saline (PBS), pH

7.4) under aseptic condition.

2.3 Experiment Design

All animals, except the control group, were injected (i.p) with DLA cells on
day 0. The AgNPs treatment was carried out for 7 consecutive days. Animals were
randomly divided into seven groups consisting of six individuals each (n = 6) as
follows:

Group I (Control group): Mice were injected (i.p) with 0.5 ml of normal saline on day1.
Group II (DLA group): Mice were injected (i.p) with 0.5 ml of normal saline on day 1
followed by 0.5 ml of distilled water (vehicle) by oral gavage daily.

Group IIT (DOX group): Mice were injected (i.p) with doxorubicin (20 mg/kg b.wt) on
day 1 followed by 0.5 ml of distilled water by oral gavage daily.

Group 1V, V, VI (DOX + AgNPs groups): Mice were injected (i.p) with doxorubicin
(20 mg/kg b.wt) on day 1 followed by different dosage of AgNPs (25, 50 and 100
mg/kg b.wt) by oral gavage daily.

Group VII (AgNPs group): Mice were injected (i.p) with 0.5 ml of normal saline on
day 1 followed by of AgNPs (50 mg/kg b.wt) by oral gavage daily.

2.4 Preparation of tissue homogenates for biochemical assays

After 7 days of treatment, the animals were sacrificed and the liver and heart
were immediately excised. 5% (w/v) tissue homogenate was prepared with ice-cold
buffer (5 mM EDTA, 150 mM NaCl, pH 7.4). The homogenates were centrifuged at
13,000 rpm for 30 min at 4°C and the supernatants were stored at -80°C in aliquots

until used for biochemical assays.
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2.5 Estimations of serum Aspartate amino-transferase (AST), Alanine amino-

transferase (ALT) and Lactate dehydrogenase (LDH)

Blood was collected by heart puncture using a heparin-coated syringe and
centrifuged at 2,000 rpm for 15 min at 4°C. The serum was assayed for AST (EC
2.6.1.1), ALT (EC 2.6.1.2) and LDH (EC 1.1.1.27) according to the manufacturer's

instruction (Transasia Bio-Medicals Ltd, Mumbai, India).

2.6 Biochemical assays

The protein content of the liver and heart was determined using the standard

method (Lowry ef al., 1951).

2.6.1 Glutathione (GSH)

Glutathione (GSH) levels were estimated using the method described earlier
(Moron et al., 1979). Briefly, 80 pul of 5% tissue homogenate was incubated with a
mixture of 20 pl of DTNB (10 mM) and 900 pl of sodium phosphate buffer (0.2 M)
for 2 min at room temperature. The absorbance was taken at 412 nm against blank. A
mixture devoid of tissue lysates served as blank. The concentration of GSH was

calculated from the standard graph and expressed as pmol/mg protein.
2.6.2 Glutathione-s-transferase (GST)

The activity of glutathione-s-transferase (GST) was determined using the
standard method (Beutler, 1984). Briefly, 50 pul of CDNB (5 mM) was mixed with 850
ul of phosphate buffer (0.1 M; pH 6.5) and incubated at 37°C for 10 min. To the
reaction mixture, 50 pl each of GSH (20 mM) and tissue homogenate were added. A
mixture devoid of tissue lysates served as blank. The absorbance was recorded at 1 min
interval for 6 min at 340 nm. GST activity was measured as:

0D of test — OD of blank

GST Acvitity = x 1000
VY = 9.6 x volume of test sample

where, 9.6 is the molar extinction coefficient for GST.

GST activity was expressed as Unit/mg protein.
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2.6.3 Superoxide dismutase (SOD)

The activity of SOD was estimated by the NBT reduction method (Fried, 1975)
with minor modifications. Briefly, 100 ul each of tissue homogenate and PMS (186
uM) were mixed with 300 pl of NBT (3 mM) and 200 pl of NADH (780 uM). After
incubation of the mixture at 30°C for 90 sec, 1 ml of acetic acid and 4 ml of n-butanol
were added to stop the reaction. A mixture devoid of tissue lysates served as blank. The
absorbance was measured at 560 nm and the enzyme activity was expressed in the unit

(1 unit = 50% inhibition of NBT reduction)/mg protein.

. OD of blank — OD of sample
% inhibition = 0D of blank x 1000

2.6.4 Lipid peroxidation (LPO) assay

LPO was measured by the standard method (Buege and Aust, 1978). Briefly,
the tissue homogenate was added to a mixture of 0.8% TBA, 10% TCA and 0.25 N
HCl in a 1:2 ratio. After boiling the mixture for 10 min, it was cooled immediately at
room temperature and centrifuged at 12,000 rpm for 10 min. The absorbance of the
supernatant was recorded at 535 nm against blank. A mixture devoid of tissue lysates
served as blank. The concentration of MDA was calculated using the extinction

coefficient of 1.56 x 10°M'cm™ and expressed as nmol/mg protein.

2.3 Statistical analysis

Data are expressed as mean + standard error of the mean. One-way ANOVA
followed by Tukey’s test was performed to test significant variations in antioxidants
status, lipid peroxidation, and serum enzyme activities of treatment groups using SPSS
ver.16.0 software (SPSS Inc, Chicago, IL, USA).The ICso was also calculated using
GraphPad Prism software ver. 6.0. A ‘p’ value of less than 0.05 was considered

statistically significant.

83



Chapter 5

3. Results

3.1 Serum enzyme assays

The protective effect of AgNPs against DOX-induced toxicity was assessed by
determining the serum enzyme activities in different experimental groups (Table 5.1).
Administration of DLA mice with 20 mg/kg b.wt of DOX led to a significant (p<
0.001) increased in ALT, AST and LDH when compared to the normal control group
as well as untreated DLA mice. Co-administration of DLA mice with DOX (20 mg/kg
b.wt) and AgNPs (50 mg/kg b.wt) result in a significant decrease (p<0.001) in serum
enzyme activities when compared to DLA mice receiving DOX only indicating the

protective effects of AgNPs against DOX-induced cardio- and hepatotoxicity.
3.2 Effects of AgNPs in antioxidant status and lipid peroxidation (LPO)

DLA mice treated with DOX (20 mg/kg b.wt) showed significantly reduced GSH
contents (Liver: 3.56 folds; Heart: 3.26 folds), and the activities of GST (Liver: 2.0
folds; Heart: 2.28 folds) and SOD (Liver: 3.0 folds; Heart: 3.25 folds) in liver and
heart when compared to the untreated DLA mice (Figure 5.1). Co-administration of
AgNPs for 7 consecutive days to DOX-treated DLA mice resulted in a significant
increase in GSH content, and activities of GST and SOD in both the liver and heart of
mice. The protective effects of AgNPs against DOX-induced hepato- and
cardiotoxicity occurred in a dose-dependent manner. DLA mice treated with AgNPs
alone (50 mg/kg bw.t) did not induce any significant change in the GSH contents when
compared to untreated DLA mice. However, treatment of DLA mice with AgNPs alone
led to a significant increase in GST and SOD activities as compared to untreated DLA

mice, and the increased antioxidant status was comparable to that of the normal control
group (Figure 5.1).

Administration of DOX to DLA mice resulted in significant (p<0.001) increase
in the MDA levels (Liver: 1.83 folds; Heart: 3.91 folds) in the liver and heart when
compared to untreated DLA mice. Co-administration of different doses of AgNPs for
7 consecutive days to DOX-treated DLA mice led to the significant reduction of MDA
level (Figure 5.2). DOX-treated DLA mice that received a higher dose (100 mg/kg
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bw.t) of AgNPs showed similar MDA levels when compared with the normal control
mice. Furthermore, no significant variation (p>0.05) was observed in the level of
MDA between DLA mice treated with AgNPs alone (50 mg/kg bw.t) and the normal

control group.
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Table 5.1. Effects of biosynthesized AgNPs on serum enzyme activities. Normal
control: Healthy mice without any treatment; DLA control: Dalton’s Lymphoma
Ascites (DLA) bearing mice without treatment; DLA+DOX: DLA bearing mice
treated with doxorubicin (20 mg/kgb.wt); DLA+DOX+AgNPsso: DLA mice treated
with 20 mg/kg of doxorubicin followed by Acmella ciliata silver nanoparticles at the
dose of 50mg/kg b.wt. Values are expressed as Mean = SEM, n=3. Different letters

indicate significant variation.

GROUPS ALT (U/L) AST (U/L) LDH (U/L)
Normal Control 13.56 £ 0.40°  97.13+2.10°  427.66 +2.20°
DLA Control 18.63+£0.38" 111.33+3.71® 580.00 £ 5.77°
DLA+DOX 36.00£2.12¢ 15927 +2.24° 1010.68 + 8.80°

DLA+DOX+AgNPsso 17.46 £0.83%® 128.40+3.18¢  502.15+5.57¢

86



Chapter 5

Fg.35 = 56.36; p < 0.001
Fe35=20.41; p<0.001

300
c a 300
S 2504
g § 250-
S 200 5
g >
& 100- g
T S
(501 é
O_
C IS FESE
S & &S
Mol o s v
o o~ S*
ARV
'a' (Liver) 'a’ (Heart)
Fe35=31.48; p <0.001 Fe.35 = 8.92; p <0.001
124

£ 10-
o 5
1 S 8-
@ o
£
= S
5 5
5 =
(7]
0 3

'b' (Liver) ‘b’ (Heart)

87



Chapter 5

Fe,35 = 35.45; p <0.001 Fe.35 = 47.49; p < 0.001
0.8
£ 077
g 064
[oX 05_
3
< 041
£ 0.3-
)] -
802
? 0.1
0.0-
P& P S
Fogt 4
PP
c' (Liver)

Figure 5.1: Effects of biosynthesized AgNPs on (a) glutathione level (GSH)
(umol/mg protein), (b) glutathione-s-transferase activity (GST) (Unit/mg protein), and
(¢) superoxide dismutase activity (SOD) (Unit/mg protein) in the liver and heart of
mice. C: normal control; DLA: Dalton’s Lymphoma Ascites bearing mice without any
treatment; DOX: DLA mice treated with 20 mg/kg of doxorubicin; DOX+AgNPs25,
DOX+AgNPs50, DOX+AgNPs100: DLA mice treated with 20 mg/kg of doxorubicin
followed by biosynthesized AgNPs at the dose of 25, 50, 100 mg/kg, respectively.
AgNPs50: DLA mice treated with biosynthesized AgNPs (50 mg/kg). Means not

sharing the same letter are significantly different.
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Figure 5.2: Effects of biosynthesized AgNPs on lipid peroxidation (LPO) expressed
in malondialdehyde (MDA) (nmol/mg protein) in (a) liver, and (b) heart of DLA mice.
C: normal control; DLA: Dalton’s Lymphoma Ascites bearing mice without any
treatment; DOX: DLA mice treated with 20 mg/kg of doxorubicin; DOX+AgNPs25,
DOX+AgNPs50, DOX+AgNPs100: DLA mice treated with 20 mg/kg of doxorubicin
followed by biosynthesized AgNPs at the dose of 25, 50, 100 mg/kg, respectively.
AgNPs50: DLA mice treated with biosynthesized AgNPs (50 mg/kg). Means not

sharing the same letter are significantly different.
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4. Discussion

The broad applicability of doxorubicin in cancer therapy is constrained by the
adverse effects associated with the drug. Researchers have developed several
approaches to counteract the detrimental impacts of doxorubicin. The generation of
reactive oxygen species (ROS) through DOX has been documented to contribute to
the development of serious cardiac issues, such as cardiomyopathy and congestive
heart failure (Takemura and Fujiwara, 2007; Ewer and Ewer, 2010). DOX usage has
been linked to higher levels of serum toxicity markers including alanine transaminase
(ALT), aspartate transaminase (AST), and lactate dehydrogenase (LDH) (Ahmed et
al,, 2019). Due to cellular enzyme leakage, damaged liver cells exhibit increased
membrane permeability and altered cell transport function, which raise serum levels
of AST and ALT (Mohan et al., 2010). The activity of ALT in DLA mice co-
administered with DOX and AgNPs reversed to nearly normal mice exhibiting the
protective effect of AgNPs against DOX- induced toxicity.

The long-term use of DOX for cancer treatment has been constrained due to
the toxic side effects of the drug that results in organ toxicity. Uses of antioxidants of
natural origin have become promising strategies to combat their toxic effects. The
deleterious effect of DOX on different organs has been elucidated based on different
components, with oxidative stress being considered the most important factor. The
oxidative stress caused by a disruption in the antioxidant system can be measured by
determining the levels and activities of antioxidants such as glutathione (GSH),
glutathione-s-transferase (GST) and superoxide dismutase (SOD). In the present
study, we investigated the chemo-preventive functions of biosynthesized AgNPs using
A. ciliata leaf extract against DOX-induced organ damage in DLA-bearing mice. The
antioxidant status was determined in the liver and heart of DLA mice to elucidate the
antioxidative potential of AgNPs. Decreased GSH levels following DOX treatment in
DLA bearing mice could be due to excessive utilization of GSH in the liver and heart
for scavenging of DOX metabolites. The majority of toxicant covalent binding to
hepatic protein has been reported to occur only after GSH depletion (Uetrecht, 2010).
Improved antioxidant status in DOX-treated DLA-bearing mice after administration

of AgNPs may occur due to maintenance of GSH through neutralization of free
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radicals by the combined action of bioactive constituents of A. ciliata leaf extract along
with the silver ions. The preventive effects of numerous naturally occurring
antioxidants against DOX-induced organ toxicity have been reported earlier
(Lalmuansangi et al., 2022). Phenolic compounds such as oleuropein, sesamol,
anthocyanins, curcumin, gingerol and hydro-xytyrosol have been used to reduce
DOX-induced toxicity (Della Torre et al, 1999; Ojha et al., 2016). Similarly,
flavonoids, a type of naturally occurring phenolic compounds, such as chrysin,
naringenin, kaempferol, avicularin, isorhamnetin, chrysoeriol, hesperidin, apigenin
and baicalein have been reported to possessed protective effects against DOX-induced
hepatoxicity, nephrotoxicity, and cardiotoxicity by increasing antioxidant enzymes
(Ojha et al., 2016; Rashid et al., 2013).

Malondialdehyde (MDA), which is formed during the breakdown of
polyunsaturated fatty acids, is a useful index for determining the extent of lipid
peroxidation. The most frequently cited evidence to support the involvement of free
radical reactions in toxicity is the detection and measurement of lipid peroxidation
(Gaschler & Stockwell, 2017). The increased levels of lipid peroxidation in DOX-
treated DLA-bearing mice could be attributed to DOX-induced superoxide anion
overproduction and a decrease in detoxifying hydroperoxide. Treatment with
biosynthesized AgNPs protects against DOX-induced cellular lipid peroxidation,

possibly by inhibiting lipid peroxidation chain reactions in the cytoplasm.

5. Conclusion

Acmella ciliata contains a wide range of bioactive compounds, such as
phenolics, alkyl amides, glycosides, coumarins, triterpenoids, and pyroglutamate with
potent anaesthetic, antipyretic, analgesic, antifungal, antimalarial, aphrodisiac,
vasorelaxant, and immunomodulatory activities. This leds us to the synthesis of silver
nanoparticles using A. ciliata leaf extract. The capping of oxidised phenolic
compounds and carboxyl protein was responsible for the stability of biosynthesized
AgNPs, as confirmed by an FT-IR study. Despite having an effective therapeutic role
against various malignant neoplasms, DOX-induced toxic side effects in cancer
treatment are well documented. This study found that biosynthesized AgNPs from A.

ciliata leaf extract offers outstanding protections against cardiotoxicity and
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hepatotoxicity caused by DOX in DLA-bearing mice possibly by elevating the
activities of antioxidants and reduction of lipid peroxidation. Co-administration of
biosynthesized AgNPs also reduces the DOX-induced increase in the activities of
various serum enzyme markers, confirming its antioxidant potential. Our study also
demonstrated that AgNPs synthesized from A. ciliata leaf extract had a great clinical
potential for prospective use as anticancer agents by increasing antioxidant levels.
However, more research into the precise mechanism of action of biosynthesized
AgNPs in protecting against DOX-induced toxicity is needed. Overall, our findings
support the use of biosynthesized AgNPs as an effective agent against DOX-mediated

toxicity and provide a viable option for increasing doxorubicin's therapeutic efficacy.
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Chapter 6
Anti-microbial activity of Mikania micrantha and Acmella ciliata

silver nanoparticles

1. Introduction

The research and development of nanoparticles for diverse biological and
environmental applications has emerged as a crucial aspect of nanotechnology.
Because of their outstanding physicochemical characteristics, silver nanoparticles are
extensively studied and utilized in a wide range of applications (Silva ef al., 2017).
Silver, in all of its various forms, has been traditionally employed as an antibacterial
agent either on its own or in conjunction with other technologies. Researchers have
conducted extensive research on this metal to utilize its ability to inhibit bacterial
growth in various applications, such as burn and ulcer treatments, food packaging,
home appliances, and industrial applications (Miller ef al., 2010; Castellano ef al.,
2007; Kim et al., 2008; Kampmann et al., 2008). With the advent of nanotechnology,
the investigation of the antibacterial properties of AgNPs was an obvious progression,
considering the existing knowledge and evidence regarding antibacterial properties of
silver. AgNPs are nanomaterials with diameters between 1 and 100 nm that have a
higher capacity and surface area than silver in its bulk form. The incorporation of
AgNPs is particularly beneficial in the medical and healthcare sectors because of the
remarkable antimicrobial activity of Ag at the nanoscale (Ge et al., 2014). The efficacy
of AgNPs as antibiotics is due to their diverse modes of action, which simultaneously
target several structures in microorganisms, allowing them to effectively eliminate a
variety of bacterial strains (Cheng et al., 2016).

Antibiotics, one of the greatest discoveries in medical science, have prevented
millions of people from diseases caused by pathogenic microorganisms (Luepke et al.,
2017). On the other hand, antibiotics pose a paradoxical challenge for human health.
Antimicrobial resistance refers to the tendency of microorganisms, such as bacteria,
fungi, viruses, and parasites, to develop mechanisms that can resist and render
ineffective antimicrobial compounds. According to the World Health Organisation

(WHO), the intensive use and misapplication of antimicrobials are the primary causes
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of the emergence of drug-resistant pathogens. Additionally, the administration of low
doses of antibiotics in animal breeding to avoid infections and enhance animal growth
might lead to the development of resistant microbes, which may potentially spread to
humans (Littier e al., 2017). Antimicrobial resistance has become a major concern for
the successful diagnosis and treatment of infectious diseases due to the emergence and
spread of drug-resistant pathogens that have acquired new resistance mechanisms
(Tang and Zheng, 2018). Microorganisms employ various mechanisms to develop
antibiotic resistance, such as reducing uptake and increasing efflux pumps, acquiring
and expressing drug-resistant genes, modifying antimicrobial targets, altering
antimicrobial drugs through drug-degrading enzymes, producing competitive
inhibitors, forming biofilms, and the emergence of persister cells (Blecher et al., 2011).
Ultimately, these mechanisms result in a reduction in the accumulation of antibiotics
in bacterial cells, which in turn lowers the therapeutic level of the drug. Consequently,
a higher and repeated dose of the drug will be necessary, which can have detrimental
effects on both humans and animals. Therefore, the emergence of multidrug resistance
(MDR) in pathogens has facilitated the development of innovative antibacterial
pharmaceuticals.

The expanding application and extensive research on nanomaterials have
provided new perspectives into the development of novel antibacterial materials and
nanocomposites to combat the current epidemic of multidrug-resistant bacteria
(MDRB). The assessment of the antibacterial potential of AgNPs is an appropriate
approach considering the knowledge and facts that exist about the antibacterial activity
of silver. AgNPs have the potential to serve as antibiotics due to their diverse action
mechanisms, which attack multiple microorganism structures simultaneously and
provide them with the ability to kill distinct types of bacteria (Bruna et al., 2021). They
exhibit their antimicrobial action through three primary pathways:

(1) Degradation of the cell membrane and cell wall- The primary function of bacterial
cell walls and membranes is to provide protection against various detrimental stresses
and enable the transportation of diverse beneficial nutrients (Madigan et al., 1997). It
has been proposed that AgNPs bind to the bacterial cell wall through an ionic bond,
thereby generating a high proton motive force that disrupts the action of enzymes that

contain thiol groups (Sereemaspun et al., 2008). The disintegration of the cell wall and
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permeability of the membrane result in the release of several components of the
bacterial cell to the surroundings, including nucleic acid, proteins, enzymes,
metabolites, and sources of energy (Ravichandran et al., 2018; Yuan et al., 2018). This
antibacterial mechanism is based on the attachment of AgNPs to bacterial cell walls
and their subsequent breakdown (Ansari ef al., 2015).

(11) Intracellular penetration and damage caused by AgNPs- AgNPs bind to proteins
and DNA in bacterial cells, causing conformational changes that alter cell function by
converting them into other, less stable states (Hsueh ez al., 2015). According to, AgNPs
with a large surface area contact and enter bacterial cells, releasing Ag ions that
interact with phosphorous and sulfur compounds such as DNA, inhibiting replication
and causing cell death (Jyoti et al., 2016).

(ii1) Oxidative stress in treated bacterial cells- Oxidative stress typically arises from
the administration of antimicrobial agents to the bacterial cell. One method for
inhibiting resistant bacteria growth is to stimulate the production of reactive oxidative
species (ROS) within these microbes. A recent study indicates that the incorporation
of AgNPs into resistant microbes leads to an increase in reactive oxygen species
(ROS), which in turn inhibits the growth of bacteria. Wypij et al. (2021) concluded
that AgNPs generate reactive oxygen species (ROS) that harm the cell membrane,
proteins, and DNA of both E. coli and S. aureus bacteria.

The action of the nanoparticles may be significantly influenced by their size,
shape, and encapsulating molecules when they bind to the cell wall and membrane and
are internalized. Smaller nanoparticle sizes also lead to an improved bactericidal
impact, which is attributed to a higher surface area in contact with the bacteria,
facilitating membrane breakage and internalization. The release rate of silver ions
from the nanoparticles is influenced by both the size and surface properties, which is
worth mentioning. The stability of the nanoparticles is determined by the charge and
surface composition, while the contact area and interaction with the medium are
influenced by the size of nanoparticles (Sharma and Zboril, 2017). Accordingly,
studies have shown that smaller nanoparticles have a higher dissolution rate in
different media, releasing silver ions in the process, which may be a significant factor
in the antibacterial action of nanoparticles (Ivask et al, 2014). Furthermore, the

utilization of AgNPs in conjunction with antibiotics, as well as the functionalization
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or conjugation of AgNPs with other molecules, has been suggested as a viable method
to achieve potent bactericidal effects without developing bacterial resistance (Brown,
et al., 2012). Silver nanoparticles (NPs) thus constitute a feasible alternative to
antibiotics for treating many diseases, specifically those caused by multidrug-resistant
bacteria.

The application of AgNPs as a substitute for synthetic fungicides has emerged
as a novel technique with improved effectiveness. There have been global instances of
antifungal resistance, which promotes the generation of resistant variants due to
repeated applications of agrochemicals that also impact the fungus population. As a
result of improved permeability and retention effects, AgNPs appear to be highly
appealing for a multitude of antifungal applications. AgNPs possess numerous
antifungal mechanisms, including plasma-membrane interactions and linkages to
DNA phosphate groups (Matsumura et al., 2003). These mechanisms contribute to
proton dispersion and cell mortality, degradation of the electron transportation chain,
and disruption of membrane proton motive force and phosphate groups (Feng et al.,
2000). This study demonstrates that silver nanoparticles (AgNPs) produced using
extracts from Mikania micrantha and Acmella ciliata leaves have the potential to

effectively suppress the growth of pathogens and control plant diseases.

2. Materials and methods
2.1 Chemicals and reagents

Sterile disc, Antibiotics disc, Nutrient broth, Nutrient agar, Nutrient broth,
Mueller—Hinton agar for bacteria culture, potato dextrose agar for fungal cultures,
barium chloride, sodium chloride, H>SOs4 ethanol, sodium hypochlorite,
Phenol:Chloroform:Isoamyl alcohol mixture, were obtained from HiMedia chemical,
India. Carbendazim (commercial fungicide) was purchased from a local market. PCR

master mix was purchased from Takara Bio, USA.

2.2 Anti-bacterial study

All the bacteria strains were cultured in Mueller Hinton broth (MHB)) at 37-C
for 24 h. The pure culture of E. coli (ATCC 11220), P. aeruginosa (ATCC 9027), B.
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subtiles (ATCC 11774) and S. aureus (ATCC 6538P) for antibacterial studies have
been acquired from the American Type Culture Collection (Rockville, MD, United
States).

2.2.1 Disc diffusion method

Antibacterial activity of the biosynthesized AgNPs was determined using
Kirby-Bauer disc diffusion method (Hudzicki, 2009). Gram-negative bacteria (E. coli
ATCC 11220, P. aeruginosa ATCC 9027) and Gram-positive bacteria (B. subtiles ATCC
11774, S. aureus ATCC 6538P) were selected for the test microorganisms. The
inoculums were prepared from 24 h old pure agar culture adjusted to 0.5 McFarland
Standard (1.5 x10® cfu/ml). Microorganisms suspended in normal saline were
inoculated into Mueller Hinton Agar (MHA) petri-plates with a sterilized cotton swab.
The sterile discs were separately impregnated with double distilled water (negative
control), plants leaf extracts, AgNO3, AgNPs, and ofloxacin (positive control) and then
air-dried in a sterile condition. After drying, the treated discs were placed on the agar
plates and incubated at 37 °C for 24 h in an incubator. The diameter of the zone of
inhibition was measured using inhibition scale (Himedia). Three replicates were

performed for each pathogen and the mean diameter value was expressed in

_(T-D)

w
2

Where:
W - Diameter of clear zone of inhibition

T - Total diameter of including disc and clear zone

2.2.2 Minimum Inhibitory Concentration (MIC)

AgNPs were evaluated for anti-bacterial activity by MIC at different
concentration using the standard method (Elshikh ez al., 2016). All the wells were filled
with 100ul of sterilized media from 1-11 and 200 pl in 12th of the plate using a
multichannel pipette. 100 pl of silver nanoparticles (80 pg/ml) were filled in the first
well and serially diluted two folds up to the 10th well. 11th well was used as growth

control (broth + inoculum only). 100ul of the inoculum was added to all the wells
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except at the 12th row (acts as a blank control for sterility).The plate was incubated
overnight at 37 °C for 24 h in an incubator. 50ul of resazurin (0.015 %) was added to
all wells and further incubated for 2—4 h for the observation of colour change. On
completion of the incubation, columns with no colour change (blue resazurin colour

remained unchanged) were scored as above the MIC value.

2.2.3 Minimum Bactericidal concentration (MBC)

The minimum killing time was performed from the result of minimum
inhibitory concentration (MIC). 100ul from each row of MIC were spread on fresh
media plates with the help of a spreader. Incubation temperature was adjusted
depending on the type of pathogen. A clear plate without any colonies was indicative
of the Minimum Bactericidal concentration. The MBC value was determined when

there was no colony growth from the directly plated contents of the wells.
2.3 Anti-fungal study

2.3.1 Sample collection

Fungal infected rice samples were collected from the paddy field of Zotlang,
Champhai district, Mizoram. The plant samples showing the symptoms of rice blast

were kept in plastic bags and stored at 4 °C for further studies.

2.3.2 Isolation of pathogen

The infected leaves were cut into small pieces with a sterile scalpel and sterilized with
70% ethanol and 1% sodium hypochlorite for 30 seconds and 1 min, respectively.
Then, the infected leaves were washed three times with sterile water for 30 seconds,
and placed on sterile filter paper. The sample was then placed aseptically on a sterile
petri-plate containing Potato Dextrose Agar (PDA) medium amended with
streptomycin and incubated at 25 + 2°C for 4-6 days. The pure culture was utilized for

subsequent tests.
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2.3.3 Morphological identification

A slide was prepared using cotton blue lacto-phenol for the identification of the fungus
specimen after five days of incubation. Using a needle, a tiny strain of the colony was
isolated and observed under a microscope. Identification of the specimen was
performed based on the features of the spores, colony appearance, and mycelium

shape, size, and structure (Ellis, 1965; Gilman, 1957).

2.3.4 Molecular Identification of fungal isolates

The genomic DNA isolation was performed using the phenol/chloroform/isoamyl
method. The fungal isolates were subjected to amplification of the nuclear ribosomal
DNA internal transcribed spacer (ITS) using the forward primer, ITS1-F (5'-
CTTGGTCATTTAGAGGAAGTAA-3") and the reverse primer, ITS4 (5'-
CTTGGTCATTTAGAGGAAGTAA-3") (White et al., 1990). The reaction was
conducted in a 50pul mixture including 5ul of 10X PCR buffer, 1.5ul of primers (ITS1
and ITS4), 0.2ul of 25mM dNTPs, 0.4ul of 3U/ul Taq polymerase, 1.5ul of template
DNA, and 41.8ul of millipore water in a thermal cycler. The PCR products were then
sent to a commercial sequencing lab (Bioscience), for DNA sequencing. The ITS
sequences were compared with sequences in GenBank using the Basic Local
Alignment Search Tool to determine the closest matched sequence from the database.
Nucleotide sequences have been submitted and assigned GenBank Accession

numbers.

2.3.5 Inhibition of colony growth

Assessment of the antifungal activity of AgNPs was performed using the
poisoned food technique as described by Adjou et al. (2012). Silver nanoparticles were
dissolved in sterile water as a stock solution. Silver nanoparticles were dissolved in
sterile water as a stock solution. 1ml of various concentrations of AgNPs (50, 25, and
12.5 pg/ml) and Carbendazim (200 pg/ml) were added to each plate containing 20 ml
of Potato Dextrose Agar (PDA). The treated plates were then allowed to solidify. The
plates without silver nanoparticles were maintained as control. A fungal block with a

diameter of 5 mm, taken from a freshly grown culture, was placed in the middle of
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each Petridish, which contained varying concentrations of silver nanoparticles. The
plates were then incubated at a temperature of 25 + 2 °C for a period of 4-6 days.
Experiments were carried out in triplicate for both the control and treatment groups.

2.3.6 Estimation of fungal Biomass

The biomass of fungal culture was determined using the standard method
(Sunder Rao and Sinha, 1963). Different concentrations of AgNPs (50, 25, and 12.5
pg/ml) or Carbendazim (200 pug/ml) were added to each conical flask containing 20
ml of medium. The medium without any treatment served as the control, and the
experiments were performed in triplicate. The conical flasks were inoculated with a
pure fungal block with a diameter of 5 mm under sterilized conditions. The tested
culture was incubated at 25 + 2 °C for 4-6 days. Following incubation, the inoculated
flasks were filtered using Whatman filter paper No 1. The initial weight of the filter
papers was measured using an electronic balance. The entire residue (filter paper) is
thoroughly rinsed with distilled water to eliminate any remaining debris adhering to
the media and then dried in an oven to obtain the final weight. The microbial biomass

was measured by using formula:
Dry weight of the fungal pathogen = W2 — W1

Where,
W1 - Initial weight of filter paper
W?2 = Final weight of filter paper

3. Results
3.1 Anti-bacterial activity of Mikania micrantha silver nanoparticles

3.1.1 Disc diffusion method

The antimicrobial activity of biosynthesized silver nanoparticles was assessed
using the disc diffusion method against both gram-positive and gram-negative
bacteria. Silver nanoparticles showed significant antibacterial activity as indicated by
the formation of inhibition zone. AgNPs prepared from M. micrantha extract shows

prominent inhibition for E. coli, P. aeruginosa, B. subtilis and S. aureus (Figure 6.1).
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AgNPs at the dose of 10 pg/ml possessed the highest antibacterial activity against E.
coli (21.9 mm) followed by P. aeruginosa (20.84 mm), B. subtiles (18.36 mm) and S.
aureus (16.82 mm). Our findings also demonstrated that, in comparison to gram-
negative bacteria (E. coli, P. aeruginosa), gram-positive bacteria (B. subtilis and S.
aureus) displayed a reduced zone of inhibition. The antibacterial activity of AgNPs at
the dose of 10 ug/ml was found to be comparable with the standard antibiotics

(Ofloxacin, 30 pg/ml) (Figure 6.2).

3.1.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
concentration (MBC)

MIC was defined as the lowest concentration of the antibacterial agent to
inhibit the growth of bacteria by serial dilution. AgNPs doses of 80 pg/ml to 0.156
ng/ml were tested on pathogenic bacteria, including E. coli, P. aeruginosa, B. subtilis,
and S. aureus (Figure 6.3). The lowest minimum inhibitory concentration (MIC) was
against E. coli (2.5 pg/ml), followed by P. aeruginosa (5.0 pg/ml), B. subtilis (5.0
ug/ml), and S. aureus (5.0 pg/ml). A lower minimum inhibitory concentration (MIC)
for tested bacterial strains indicates higher inhibition activity. MBC was calculated by
subculturing MIC dilutions on sterile MH agar plates and observing drug
concentrations where no apparent growth emerged on the agar plates. The MBC for E.
coli was determined to be 5.0 ng/ml, whereas for P. aeruginosa, B. subtilis, and S.
aureus, it was found to be 10 ug/ml (Table 6.1). These values are consistent with the
MIC results, which indicated that E. coli was the most susceptible. Furthermore, the

results show that the MBC was 2-fold higher than the MIC.
3.2 Anti-bacterial activity of Acmella ciliata silver nanoparticles

3.2.1 Disc diffusion method

The antimicrobial activity of biosynthesized silver nanoparticles was assessed
using the disc diffusion method against both gram-positive and gram-negative
bacteria. Silver nanoparticles showed significant antibacterial activity as indicated by
the formation of inhibition zone. AgNPs prepared from M. micrantha extract shows

prominent inhibition for E. coli, P. aeruginosa, B. subtilis and S. aureus (Figure 6.4).
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AgNPs exhibited the most potent antibacterial activity against E. coli (21.9 mm), P,
aeruginosa (20.84 mm), B. subtiles (18.36 mm), and S. aureus (16.82 mm) at a
concentration of 10 pg/ml. AgNPs exhibited the most potent antibacterial activity
against P. aeruginosa (23.79 mm), E. coli (23.39 mm), B. subtiles (20.96 mm), and S.
aureus (20.04 mm) at a concentration of 10 pg/ml. AgNPs exhibited comparable
antibacterial activity to conventional antibiotics (Ofloxacin, 30 pg/ml) at a
concentration of 10 pg/ml. In addition, our results indicated that gram-positive
bacteria (B. subtilis and S. aureus) exhibited a diminished zone of inhibition in

comparison to gram-negative bacteria (E. coli and P. aeruginosa) (Figure 6.5).

3.2.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
concentration (MBC)

The MIC value was determined as the minimum concentration of the drug that
inhibited growth in bacteria in comparison to the control. Various pathogenic bacteria,
such as E. coli, P. aeruginosa, B. subtilis, and S. aureus, were subjected to different
concentrations of AgNPs, varying from 80 ug/ml to 0.156 pg/ml (Figure 6.6). The
minimum inhibitory concentration (MIC) was lowest against E.coli (1.25 pg/ml),
followed by P. aeruginosa (2.5 png/ml), B. subtilis (2.5 pg/ml), and S. aureus (5.0
pg/ml). MBC was calculated by subculturing MIC dilutions on sterile MH agar plates
and observing drug concentrations where no apparent growth emerged on the agar
plates. The MBC value was 2-fold higher than the MIC. The MBC for E. coli was
determined to be 2.5 pg/ml, whereas for P. aeruginosa, B. subtilis, and S. aureus, it
was found to be 5.0 pg/ml and 10 pg/ml, respectively (Table 6.2). These values are

consistent with the MIC results, which indicated that E. coli was the most susceptible.

3.3 Morphological and molecular identification of fungal isolate

Morphological characterization was achieved by observing fungus colonies
and conidia and molecular characterization by DNA extraction and amplification with
sequence-specific primers. The leaf spots are fusiform or elliptical, initially brown-
red, and subsequently brown with a light brown in the middle. Colonies of fungal
isolate cultured on PDA attain a diameter of 70—-80 mm in 7 days, with sparse aerial

mycelium and fimbriate margins. The surface is characterized by pale mouse gray
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zones and alternate grey olivaceous to olivaceous zones. The hyphae are transparent
to light brown, with branches divided into segments (septate). Microscopical image of
a fungal isolate illustrating conidia on the conidiophore (Figure 6.7. Conidiophores
emerge individually or in clusters, with divisions, straight or bending, occasionally
forming an attachment at the upper section. The cell walls of the conidiophores are
thicker than those of the vegetative hyphae.

Molecular characteristics, such as gene sequences, can be employed to
facilitate the reliable identification of Curvularia species and related species, in
addition to the classic approach of morphological characterization. The ITS sequences
exhibited a high percentage of similarity with the GenBank database, with a 98.23%
similarity based on BLAST search. ITS sequences of the isolates were deposited into
Genbank and the GenBank accession number for the nucleotide sequences is

PP874630.

3.4 Antifungal Activity of Mikania micrantha silver nanoparticles against rice

pathogen, Curvularia pseudobrachyspora.

3.4.1 Inhibition of Colony Growth

Silver nanoparticles showed a significant inhibitory effect on colony growth,
as illustrated in Figure 6.8. The diameter of C. pseudobrachyspora, without any
treatment of silver nanoparticles determined using the cross method, was 88.6 mm
(Figure 6.9). At a concentration of 50 pg/ml, the silver nanoparticles exhibited their
smallest diameter, measuring 15.35 mm. As the concentration of silver nanoparticles

increased, the diameter gradually decreased (Figure 6.10).

3.4.2 Estimation of fungal Biomass

Biomass of C. pseudobrachyspora treated with different concentrations of
AgNPs (50, 25, and 12.5 pg/ml) and control group was determined by measuring the
initial and final weight of the filter paper.
Our observation revealed that the control group exhibited the greatest biomass, while
minimal growth was found in the group treated with 50 pg/ml of AgNPs (Figure
6.11). The growth of fungal mycelia was also significantly affected by the 25 pg/ml
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AgNPs treatment, which was followed by the 12.5 pg/ml treatment. The addition of
progressively larger quantities of AgNPs reduced mycelia growth to a greater extent,

revealing a consistent trend of biomass decrease.

3.5 Antifungal Activity of Acmella ciliata silver nanoparticles against rice

pathogen, Curvularia pseudobrachyspora

3.5.1 Inhibition of Colony Growth

Fungal growth was assessed by measured colony area on PDA in treated and
control groups. The biosynthesized silver nanoparticles exhibit a notable inhibitory
effect on the growth of C. pseudobrachyspora colonies, as shown in the Figure 6.12.
The fungal growth diameter, without any treatment of AgNPs, was 88.6 mm where at
the highest concentration, exhibited their smallest diameter, measuring 12.21 mm. The
diameter of fungal growth gradually decreased in a concentration dependent manner

(Figure 6.13).

3.5.2 Estimation of fungal Biomass

The effect of AgNPs on C. pseudobrachyspora was assessed by measuring the
dry weight of fungal mycelia cultured in liquid broth containing varying
concentrations of AgNPs (50, 25, and 12.5 pg/ml) along with a control group. Our
observation showed that the control group had the highest biomass, while the group
treated with 50 ng/ml AgNPs showed little or no growth (Figure 6.14). The 25 ng/ml
treatment of AgNPs had considerable effects on the proliferation of fungal mycelia,
which was then followed by the 12.5 ug/ml treatment. The gradual increase in AgNPs
resulted in an increasingly significant inhibition of mycelia growth, indicating a

consistent pattern of biomass reduction.
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(a) (b)

Figure 6.1: Antibacterial activity as determined by the decrease in zone of inhibition
after treatment with different concentration of AgNPs (2.5, 5.0 and 10 pg/ml) using
M. micrantha leaf extract and Ofloxacin (30 pg/ml) against (a) E. coli, (b) P.

aeruginosa, (c) B. subtiles and (d) S. aureus.
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Figure 6.2: Antibacterial activity of different concentration of AgNPs (2.5, 5.0 and 10
ng/ml) using M. micrantha leaf extract and Ofloxacin (30 ug/ml) against (a) E. coli,
(b) P. aeruginosa, (¢) B. subtiles and (d) S. aureus.
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Table 6.1. Determination of the Minimum Inhibitory Concentration (MIC) and

Minimum Bactericidal concentration (MBC) values of different concentration of

AgNPs against pathogenic bacteria. All values are expressed in pg/ml. Different letters

indicate significant variation.

Bacteria MIC MBC

B. subtiles 5.0 +£0.05° 10+£0.02°
S. aureus 5.0+ 0.03? 10+£0.07°
E. coli 2.5+0.03 5.0+0.04°
P aeruginosa 5.0£0.01% 10+ 0.04°

1 2 3 4 5 6 7 8 9 10 11 12

| 22606808,

B. subtiles

S. aureus 4 O

» .-

E. coli

ﬁ
€ ¢

- -

-

o
! '0"0?‘0*0*0

¥z Saae'e'e’s
IO 000R0
P. aeruginosa - Q) 4 ) -’@e‘*‘@@tofe

&
%@QQOQ«Q’@Q

i C,C00000 0
.3/CC 0000000
@ ?OYC’QQ'.Y.’

-
-
s
-

QR
(OO
(&

@ ¢

Figure 6.3: Determination of MIC for of different concentration of AgNPs using M.

micrantha leaf extract against pathogenic bacteria. Column 12 confirms no

contamination occurred while preparing the plate. Column 11, a negative control

shows a change of resazurin natural colour (blue/purple) to the reduced form (pink).

The highest concentration incorporated into the plate is 80 pg/ml and the lowest

achieved through double serial dilution is 0.156 pg/ml.
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Figure 6.4: Antibacterial activity as determined by the decrease in zone of inhibition
after treatment with different concentration of AgNPs (2.5, 5.0 and 10 pg/ml) using A.
ciliata leaf extract and Ofloxacin (30 pg/ml) against (a) E. coli, (b) P. aeruginosa, (c)
B. subtiles and (d) S. aureus.
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Figure 6.5: Antibacterial activity of different concentration of AgNPs (2.5, 5.0 and 10
ng/ml) using 4. ciliata leaf extract and Ofloxacin (30 pg/ml) against (a) E. coli, (b) P.

aeruginosa, (¢) B. subtiles and (d) S. aureus.
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Table 6.2. Determination of Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal concentration (MBC) values of different concentration of AgNPs against
pathogenic bacteria. All values are expressed in pg/ml. Different letters indicate

significant variation.

Bacteria MIC MBC

B. subtiles 2.5+0.08° 5+0.03?
S. aureus 5.0=0.01° 10£0.05°
E. coli 1.25+0.08 ¢ 2.5+0.01°¢
P. aeruginosa 25+£0.03° 5+£0.02%
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Figure 6.6: Determination of MIC for of different concentration of AgNPs using 4.
ciliata leaf extract against pathogenic bacteria. Column 12 confirms no contamination
occurred while preparing the plate. Column 11, a negative control shows a change of
resazurin natural colour (blue/purple) to the reduced form (pink). The highest
concentration incorporated into the plate is 80 pg/ml and the lowest achieved through

double serial dilution is 0.156 pg/ml.
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Figure 6.7: Microscopic view of rice pathogen (Curvularia pseudobrachyspora)

showing conidia on the conidiophore

Figure 6.8: Band showing PCR amplification using ITS region of fungal isolate

(Curvularia pseudobrachyspora).
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Control

CBZ

Figure 6.9: Inhibition of the colony growth of C. pseudobrachyspora mediated by
AgNPs using M. micrantha leaf extract. Control: fungal culture without treatment;
AgNPs 12.5, AgNPs 25 and AgNPs 50: fungal culture treated with 12.5, 25 and 50
png/ml of AgNPs respectively; CBZ: fungal culture treated with 200 pg/ml of

Carbendazim (positive control).
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Figure 6.10: Effect of AgNPs on the colony growth of C. pseudobrachyspora.
Control: fungal culture without treatment; AgNPs 12.5, AgNPs 25 and AgNPs 50:
fungal culture treated with 12.5, 25 and 50 pg/ml of AgNPs respectively; CBZ: fungal
culture treated with 200 pg/ml of Carbendazim (positive control). Values are expressed

as Mean = SEM. Different letters indicate significant variation.
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Figure 6.11: Effect of AgNPs on the biomass of C. pseudobrachyspora. Control:
fungal culture without treatment; AgNPs 12.5, AgNPs 25 and AgNPs 50: fungal
culture treated with 12.5, 25 and 50 pg/ml of AgNPs respectively; CBZ: fungal culture
treated with 200 pg/ml of Carbendazim (positive control). Values are expressed as

Mean + SEM. Different letters indicate significant variation.
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CBZ

Figure 6.12: Inhibition of the colony growth of C. pseudobrachyspora mediated by
AgNPs using 4. ciliata leaf extract. Control: fungal culture without treatment; AgNPs
12.5, AgNPs 25 and AgNPs 50: fungal culture treated with 12.5, 25 and 50 pg/ml of
AgNPs respectively; CBZ: fungal culture treated with 200 pg/ml of Carbendazim

(positive control).
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Figure 6.13: Effect of AgNPs on the colony growth of C. pseudobrachyspora.
Control: fungal culture without treatment; AgNPs 12.5, AgNPs 25 and AgNPs 50:
fungal culture treated with 12.5,25 and 50 ng/ml of AgNPs respectively; CBZ: fungal
culture treated with 200 pg/ml of Carbendazim (positive control). Values are expressed

as Mean = SEM. Different letters indicate significant variation.

116



Chapter 6

F410= 488.235 ; p < 0.001
0.75-

a

o o o
w o
o O o
1 1 1

Biomass (gm)

Concentration (mg/ml)

Figure 6.14: Effect of AgNPs on the biomass of C. pseudobrachyspora. Control:
fungal culture without treatment; AgNPs 12.5, AgNPs 25 and AgNPs 50: fungal
culture treated with 12.5, 25 and 50 pg/ml of AgNPs respectively; CBZ: fungal culture
treated with 200 pg/ml of fungicide (positive control). Values are expressed as Mean

+ SEM. Different letters indicate significant variation.
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4. Discussion

The most effective metallic nanoparticles against bacteria and other pathogens
have been reported to be AgNPs, in addition to being extremely biocompatible and
simple to use in medical applications. The disc diffusion method demonstrated the
antibacterial activity of silver nanoparticles by forming an inhibitory zone. According
to our results, Mikania micrantha silver nanoparticles (MNP) demonstrated the
highest antibacterial efficacy against E. coli (21.9 mm), followed by P. aeruginosa
(20.84 mm), B. subtiles (18.36 mm), and S. aureus (16.82 mm) when administered at
a concentration of 10 pg/ml. On the other hand, Acmella ciliata silver nanoparticles
(ANP) exhibited the most effective antibacterial activity against P. aeruginosa (23.79
mm), E. coli (23.39 mm), B. subtiles (20.96 mm), and S. aureus (20.04 mm) at the
same concentration of 10 pg/ml. The antibacterial activity of MNP and ANP at a
concentration of 10 pg/ml was comparable to that of standard antibiotics (Ofloxacin,
30 pg/ml). Therefore, AgNPs could be proposed as an alternative to antibiotics since
numerous mechanisms of action would need to be targeted for the bacterium to
become resistant to AgNPs (Bruna et al, 2021). This finding is consistent with
previous studies that demonstrated the presence of an inhibitory zone caused by
AgNPs against pathogenic microorganisms (Awwad et al, 2013; Bar et al,
2009). Our study indicated that AgNPs offer an excellent alternative for creating novel
bactericidal agents for infection treatments since antibiotic-resistant pathogens are a
worldwide concern. Multidrug-resistant strains are created as a result of adaptive
resistance driven by the formation of biofilm and quorum sensing systems during
bacterial development (de Brito et al, 2022). Chronic disease status and high
morbidity and mortality are caused by the infection and dissemination of resistant
microorganisms. Previous study suggest that AgNPs may adhere to the surface of the
cell membrane, interfering with its permeability, osmoregulation, electron transport
and respiration processes due to their high surface area-to-volume ratio and unique
physical and chemical properties providing better contact with cell wall of
microorganisms (Ronavari ef al., 2021). It has also been reported that AgNPs display
their antibacterial activities by adhering to or penetrating bacterial cell walls and then

altering cellular communication by dephosphorylating potential critical peptide
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substrates on tyrosine residues (More et al., 2023). The fact that gram-positive
bacteria's cell wall is made up of multiple, hard layers of peptidoglycan, which
prevents AgNPs from penetrating the cell wall, could be the reason for the present
study's substantially better efficacy of biosynthesized AgNPs against gram-negative
bacteria ((Dong et al., 2017). Although, it might be assumed that leaf extract of M.
micrantha and A.ciliata possesses antibacterial properties, the plant extract alone
exhibited no antibacterial activity due to its extraction medium and lower
concentration during the experiment.

In this study, we successfully produced nanoparticles with an average size
ranging from 5 to 40 nm, which exhibited significant antibacterial activity. MNP
exhibited the lowest minimum inhibitory concentration (MIC) against E. coli (2.5
ug/ml), followed by P. aeruginosa (5.0 pg/ml), B. subtilis (5.0 ug/ml), and S. aureus
(5.0 pg/ml). Similarly, ANP showed the lowest MIC against E. coli (1.25 pg/ml),
followed by P. aeruginosa (2.5 pg/ml), B. subtilis (2.5 pg/ml), and S. aureus (5.0
pg/ml). A decreased MIC for the studied bacterial strains suggests an increased level
of inhibition activity. Additionally, we determined the minimum bactericidal
concentration (MBC) by culturing diluted samples of the MIC on sterile agar plates
and identifying the AgNPs concentrations at which no apparent growth occurred. The
results showed that the MBC of MNP and ANP was 2-fold higher than the MIC. The
incorporation of AgNPs inhibits the growth of pathogenic bacteria by damaging their
cell membrane and causing leakage of cytoplasm, ultimately resulting in bacterial
death. The existing research primarily supports three pathways that AgNPs exhibit
their antibacterial effect through, either jointly or independently (Marambio-Jones and
Hoek, 2010; Qing et al., 2018; Dakal et al., 2016). The first theory states that AgNPs
can penetrate the outer membrane and accumulate in the inner membrane, where their
adhesion to the cell destabilizes and damages it, enhancing membrane permeability
and causing cellular leakage and death (Seong et al., 2017).
The second mechanism suggests that nanoparticles have the ability to disrupt and
penetrate the cell membrane, causing changes in its structure and permeability. Addit
ionally, these nanoparticles can enter the cell and interact with sulfur or phosphorus
groups found in intracellular components like DNA and proteins, thereby modifying
their structure and functions (Krishnamoorthy et al., 2012). The discharge of silver
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ions from the nanoparticles is the third mechanism that occurs in conjunction with the
other two. These ions, which are able to interact with cellular components due to their
size and charge, can alter metabolic pathways, membranes, and, in some instances,
genetic material (Quinteros et al., 2016; Agnihotri et al., 2013). Smaller nanoparticles
possess a greater surface area, which is the most critical characteristic that influences
antimicrobial activity. Consequently, they are capable of generating a greater
bactericidal effect and a higher interaction area than larger particles (Raza et al.,
2016). Research has demonstrated that decreasing the size of nanoparticles improves
their efficacy in eradicating bacteria. This is because smaller nanoparticles can easily
adhere to the cell membrane, causing damage and increasing membrane permeability,
ultimately leading to cell death (Li et al. 2013; Yacaman et al., 2001). Furthermore,
apart from size, shape was also found to influence the antibacterial efficacy of silver
nanoparticles. Helmlinger et al. (2018) conducted comprehensive studies on the
impact of shape on antibacterial activity and synthesized five distinct types of AgNPs
that exhibited exceptional uniformity in both shape and size. The underlying cause of
this shape-dependent antibacterial activity is closely linked to the specific surface area
and rate of dissolution. Consequently, the antibacterial activity of variously shaped
AgNPs is primarily attributed to the formation of Ag* ions on the surface, which is
consistent with the size-dependent antibacterial activity.

Observing fungus colonies and conidia provided morphological
characterization, while DNA extraction and amplification using sequence-specific
primers provided molecular characterisation. The occurrence of leaf spot symptoms in
rice is widespread in rice-growing regions worldwide (Dela Paz et al., 2006). The
symptoms varied in size, ranging from minor to severe lesions, which resulted in
chlorotic and necrotic damage to the leaves. The morphological characteristics
indicate that conidiophores can emerge either singly or in groups, showing divisions
and occasionally creating a connection at the upper part, resembling the typical
features of Curvularia pseudobrachyspora as described by Wang et al. (2018). The
ITS sequences showed a significant degree of similarity to the GenBank database, with
a 98.23% similarity as determined by a BLAST search.

The utilization of nanoparticles, particularly metal nanoparticles, in combating

phytopathogens is a recently emerged area of research. Incorporating these
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compounds into plant disease management could reduce long-term dependence on
chemical pesticides and address issues such as environmental contamination, pesticide
residue, and fungicide resistance. According to Ivask et al. (2014), the size,
morphology, dispersity, and purity of silver nanoparticles may directly correlate with
their antimicrobial activity. The biosynthesized MNP and ANP demonstrate a
significant inhibitory effect on the growth of C. pseudobrachyspora colonies, which
occur in a dose-dependent manner. When compared to the untreated control (88.6
mm), the fungal growth diameters of MNP and ANP at the highest concentration were
15.35 mm and 12.21 mm, respectively, revealing a notable antifungal effect against
C. pseudobrachyspora. AgNPs at the concentration of 50 pg/ml significantly inhibited
the growth of C. pseudobrachyspora colonies, as evidenced by the decreased biomass
and colony growth when compared to the fungicide carbendazim (200 pg/ml). Our
findings suggested that the spherical AgNPs exhibited potent antifungal activity in
comparison to commercially available antifungal agents, as reported by various
authors (Matras et al., 2022; Mussin and Giusiano, 2022; Hashem et al., 2022).

The antifungal activity is likely strongly associated with its reduced size and
altered shape, resulting in an increased surface area that enhances its antifungal action.
Nasrollahi et al. (2011) indicate that one potential mechanism of action of AgNPs
against fungi involves the penetration of NPs into the cell membrane and subsequent
impact on the respiratory chain, leading to cell death. In addition, NPs engage with
fungal proteins, resulting in protein inactivation and direct contact with DNA. As a
result, the contact mechanism leads to mutation and prevents DNA replication
(Mikhailova, 2021). Further, the small dimensions of NPs facilitate their penetration
into the cell wall, leading to their accumulation in the cell membrane and subsequent
cell lysis. NPs can penetrate fungal spores via cell membranes, creating an electron-
light zone with DNA molecules and NPs inside the cell (Sandhu et al., 2024).
Following this, nanoparticles disrupt the respiration process and ultimately halt cell
division, resulting in cell death (Malathi et al., 2014). As a result, we urge the effective
use of these nanoparticles in many biomedical applications, as well as industrial and
therapeutic purposes, due to their stable nature and antimicrobial properties. In this
regard, the synthesized metal nanoparticles can be utilized as a potent fungicide in the

agriculture sector to manage phytopathogenic fungi in plants. Furthermore, more
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research should concentrate on the parameters that affect their antifungal activity,
including surface charge, aggregation behaviour, ultraviolet rays, and high

temperature.

5. Conclusion

AgNPs are known for their remarkable antibacterial properties, and they
currently serve as an exceptional antimicrobial agent. They address numerous criteria
that are considered necessary for the efficacy of new antimicrobial technologies,
including antimicrobial performance, rapid action, and low cytotoxicity. Additionally,
nanoparticles can be modified to achieve selectivity and delivery to specific targets.
Assessing the action of AgNPs in biological environments, as well as their interactions
with other substances, will provide critical insights for the development of advanced
technologies and nanomaterials capable of effectively preventing infections or
selectively eradicating pathogenic bacteria. Size and coating factors influence the
toxicity of AgNPs, and modifying their characteristics through functionalization can
potentially mitigate or eliminate the cytotoxic effects associated with AgNPs
exposure. Additionally, this functionalization can enhance the antibacterial activity
and specificity of AgNPs.

Agricultural nanotechnology research and development is a very promising
field, with active exploration of the potential of nanoparticles for the production of
highly efficient products. Our findings validate the concept that silver nanoparticles
are appropriate for developing novel fungicidal agents. The following study aims to
investigate the broader use of AgNPs for managing C. pseudobrachyspora in
agricultural settings, as well as assess the effectiveness of AgNPs against various
diseases that pose a threat to rice cultivation. The utilization of plant extracts for the
synthesis of AgNPs has numerous benefits, including environmental sustainability,
compatibility with living organisms, and economic efficiency. Based on these
distinctive characteristics, it may be inferred that AgNPs will play a crucial role in

numerous nanotechnology processes.
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Chapter 7
Anti-cancer activity of Mikania micrantha and Acmella ciliata silver
nanoparticles against type-II human lung adenocarcinoma (A549)

cells

1. Introduction

Green-mediated synthesis of nanoparticles has earned a promising role in the
area of nanotechnology due to their biomedical applications in various fields such as
diagnostics, biomarkers, cell labelling, antimicrobial agents, drug delivery, and cancer
therapy (Al-Sheddi et al., 2018). The intrinsic nature of nanoparticles and their unique
physicochemical properties such as increased surface-volume ratios, the ability to
absorb or carry other compounds and their efficiency of cell penetration make them
ideal for many biological applications when compared to bulk materials (Fageria et
al., 2017). Silver nanoparticles (AgNPs) have garnered significant attention among a
variety of nanomaterials due to their exceptional therapeutic potential, which includes
anti-inflammatory, antimicrobial, and anticancer properties, as well as their chemical
stability and conductivity (Austin et al., 2014). Due to phytochemical components of
plants that serve as a reducing and coating agent of nanoparticles as well as their eco-
friendliness, affordability, and accessibility, plant extracts have gained significant
interest among biomaterials as a nanomedicine. The diverse phytoconstituents in
plants provide significant benefits, such as antibacterial, anticancer, and antioxidant
properties; thus, plant-based green synthesis platforms are recommended as one of the
ideal techniques for synthesizing metal nanoparticles (Chang et al., 2021).

The uncontrolled growth and dissemination of abnormal cells are the hallmarks
of cancer, a multifactorial disease that is the result of an intricate combination of
genetic, environmental, internal, and external factors (Siegel ef al., 2015). It has been
treated with a diverse array of treatments, such as radiation, immunotherapy, surgery,
chemotherapy, hormone therapy, and targeted therapy. Although there have been
significant research breakthroughs, the scientific community still faces a major

challenge in combating cancer. Cancer has emerged as a highly alarming disease, with
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a continuously increasing mortality rate on a global scale. An estimated 14 million
more cases of cancer will occur by 2035, significantly impacting the global economy
and society (Pilleron ef al., 2019). Treatment using cytotoxic medications, either alone
or in conjunction with radiation, is a conventional approach that has not been highly
effective in eradicating the disease. Tumor cells evade the impact of chemotherapy by
acquiring an inherent or acquired susceptibility to the drugs. In addition, there is a
significant psychological impact associated with the development of post-
chemotherapy side effects, which can be extremely harmful to the patient and, in some
cases, even fatal, leading to increased mortality rates (Holohan et al., 2013).

Lung cancer contributes to the highest incidence of cancer-related deaths
among various types of cancer (Schabath and Cote, 2019). Despite several advances
in treatment regimes, controlling lung cancer mortality has become increasingly
challenging. Lack of early detection, non-specific systemic drug distribution,
lipophilic chemistry and high first-pass metabolism of existing chemotherapeutic
drugs contribute to the limitations of cancer treatment thereby resulting in poor
prognosis (loele et al., 2022). Current therapeutic drugs are also associated with the
development of resistance and undesirable side effects (Talib ef al., 2021). Therefore,
there is a pressing requirement for the creation of more sophisticated, cutting-edge,
and economical therapies that can effectively eradicate cancerous cells. Nanoparticles
provide an intriguing substitute for traditional chemotherapy drugs. Because of their
unique physical-chemical characteristics, AgNPs are getting more attention for cancer
research, demonstrating inherent antiproliferative activity (Ahmed et al, 2019).
Nanoparticles possess a distinct capability to selectively target tumor tissues by
exploiting the leaky blood vessels in these tissues, a phenomenon known as the
increased permeability and retention (EPR) effect (Prabhakar et al., 2013). This can
augment the anticancer properties of the NPs if they possess inherent cytotoxicity or
are employed as carriers for drug delivery. Anti-cancer research of AgNPs is still in its
infancy, and the current findings are limited and ambiguous.

The introduction of nanoscale materials to cancer care has garnered substantial
interest over the past ten years and recently, clinical studies using metal nanoparticle-
based therapeutics have been established to treat cancer (Gavas et al., 2021). It has

been demonstrated in numerous in vitro and in vivo research studies that AgNPs have
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the potential to inhibit the growth and viability of cancer cells through multiple
pathways (Loutfy et al., 2015). AgNPs can trigger apoptosis and necrosis by disrupting
the ultrastructure of cancer cells and promoting the generation of reactive oxygen
species (ROS) and DNA damage (Muhamad et al., 2022). AgNPs can also induce
apoptosis by modulating critical signaling pathways, including the hypoxia-inducible
factor (HIF) pathway, and up- or down-regulating the expression of critical genes, such
as p53 (Yuan et al, 2018). Following exposure to AgNPs, numerous cancer cells
undergo apoptosis and sub-Gl1 arrest (Yin ef al., 2022). In addition, AgNPs may reduce
distant metastasis by inhibiting tumor cell migration and angiogenesis (Kitimu et al.,
2022). Therefore, Nanoparticles are potential platforms for therapeutically relevant
drug development due to the cancer-specific targeting, the resulting reduced side-
effects, and the enormous anti-cancer characteristics (Kovacs et al., 2022).

In the recent years, a wide range of scientific studies have documented the
medicinal properties of Mikania micrantha and Acmella ciliata such as antibacterial,
anti-inflammatory, anticancer, antidiabetic, antioxidant, anti-stress, its cytotoxic
effects and wound-healing actions (Sheam et al., 2020; Sharma et al., 2022). Plant
extracts have been shown to contain several groups of active compounds, including
terpenoids, flavonoids, coumarins, diterpenes, sesquiterpene lactones, and
sesquiterpenes which may be linked to their medicinal properties (Nayak ez al., 2017,
Silveira et al., 2016). Interestingly, the anticancer effects of plant extracts have been
shown earlier using cancer cell lines and animal models. Aqueous extract of M.
micrantha and A. ciliata inhibited cancer cell proliferation, cell cycle arrest, induction
of apoptosis and inhibition of tumor growth (Dou et al., 2014; Singh et al., 2020).
Although medicinal plant extracts show activities against pathogenic conditions and
alteration of cellular functions, their activities are often augmented in green metallic
nanoparticle form. With this view, we hypothesized that M. micrantha and A. ciliata
activities may be enhanced by silver nanoparticles. Thus, aqueous leaf extracts of M.
micrantha and A. ciliata were used as a bio-reducing agent of Ag" to Ag for the
synthesis of silver nanoparticles. Using Type II human lung adenocarcinoma cell line
A549 as our model, we tested the anticancer effects of biosynthesized AgNPs. With

cancer being a global health issue affecting millions of lives, it is the need of the hour
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to hunt for cancer treatment with high efficacy and less side effect and the green

synthesized AgNPs may pose as an attractive agent.
2. Materials and methods

2.1 Chemicals and reagents

Eagle’s Minimal Essential Medium (MEM), Trypsin-EDTA, fetal bovine
serum (FBS), bovine serum albumin (BSA), 3-(4,5-dimethylthiazole-2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT), sodium bicarbonate, glutathione (GSH)
reduced, Folin-ciocalteu’s reagent, nicotinamide adenosine dinucleotide (NADH),
nitroblue tetrazolium (NBT), n-butanol, thiobarbituric acid (TBA), potassium chloride
(KCl), 5, 5’ dithio 2-nitrobenzoic acid (DTNB), sodium chloride (NaCl), phenazine
methosulphate (PMS), ethidium bromide, dimethyl sulphoxide (DMSO), 1-chloro-2,4
dinitrobenzene (CDNB) and Triton X-100 were purchased from HiMedia Laboratories
Pvt. Ltd. (Mumbai, India). Ethylenediamine tetra-acetic acid (EDTA), L-Glutamine,
agarose (low gelling temperature), phenol red, trichloroacetic acid (TCA), silver
nitrate, Trizma base and Trizma hydrochloride were purchased from Sigma Chemical
Co., Bangalore, India. Fluorouracil (5FU) was obtained from GLS Pharma Ltd.
(Hyderabad, India). The remaining chemicals were purchased from Merck Specialities

Pvt.

2.2 Cell lines and Culture.

Type II human lung adenocarcinoma cell line (A549 cells) was procured from
the National Centre for Cell Sciences (NCCS), Pune, India. The cells were maintained
in MEM supplemented with 10% FBS and 1% L-Glutamine in a humidified incubator
with 5% CO, at 37° C (Eppendorf, Hamburg, Germany).

2.3 Cytotoxicity assay
The cytotoxicity of AgNPs was estimated by a 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) reduction assay (Mosmann, 1983). Briefly, 100

ul of MEM containing 1x10* cells were seeded into 96 well plates (Himedia
Laboratories Pvt. Ltd., Mumbai, India). The cells were treated with different
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concentrations of AgNPs (1-20 pg/ml) for 24 h, along with a control sample, after
being allowed to adhere for 24 h at 37 °C and 5% CO». Drug-containing media were
discarded and cells were rinsed in FBS-free media after the completion of treatments.
Then, each well received 10 pl of MTT (5 mg/ml) and was incubated for a further 2 h
at 37 °C in a CO3 incubator. Following this, 100 pl of DMSO was used to dissolve the
insoluble purple formazan crystals. After 30 min of incubation, the absorbance of the
solution was measured at 560 nm using a microplate reader (Spectramax mZ2e,
Molecular Devices). For each treatment, three independent experiments with three
replicates were conducted. Cytotoxicity was expressed as inhibition (%) which was

calculated by the formula given below:

o Control — Treatment
% Inhibition = Control X 100

2.4 Clonogenic Assay

The clonogenic assay was performed to determine the effect of AgNPs on the
reproductive viability of A549 cells (Franken ef al., 2006). 200 cells were seeded into
individual petri-dishes with 5 ml of media. Cells were treated with different
concentrations of AgNPs (1.0, 2.5 and 5.0 pg/ml) or SFU at the dose of 100 pg/ml
(positive control) after being allowed to adhere for 24 h. Following a sterile 1X PBS
wash, cells were cultured for an additional 11 days in a fresh medium. Colonies having
more than 50 cells were counted using an inverted microscope after being stained with
1% crystal violet in methanol (w/v) for 30 min at room temperature. Plating efficiency
(PE) and surviving fraction (SF) of A549 cells were calculated by the following
formula:

_ Number of colonies X 100
"~ Number of cells seeded

Number of colonies counted

F =
S Number of cell seeded X Mean plating ef ficiency (PE)
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2.5 Cell morphology analysis by fluorescent staining (Apoptotic assay)

Acridine orange/Ethidium bromide (AO/EtBr) staining was performed to
assess the ability of AgNPs to induce apoptosis. After 1x10° A549 cells were seeded
in six-well plates containing 5 ml of media, cells were allowed to adhere overnight
and treatment was given for 24 h with different concentrations of AgNPs (1-5 ng/ml)
along with 5FU as positive control (100 pg/ml). Untreated controls were also
maintained in the culture medium alone. Cells were washed with sterile 1X PBS
following treatments and then detached with 1X trypsin EDTA. The pelleted cells were
resuspended in 100 pl of FBS-free media. Acridine orange (100 pg/ml) and ethidium
bromide (100 pg/ml) were added to a 25 pl cell solution and stained for 2 min in a
ratio of 1:1. The morphology of apoptotic cells was then observed on a slide using a
fluorescence microscope (Thermo Fisher Scientific, EVOSR Fluorescence Imaging,
AMEP-4615). The cationic dye acridine orange is a fluorescent nucleic acid that
permeates both living and dead cells, intercalating in double-stranded DNA to turn the
nucleus green. Only dead cells with compromised cytoplasmic membrane integrity
may absorb ethidium bromide, which causes the nuclei to become yellowish-orange
in color. For this reason, ethidium bromide-incorporated apoptotic cells show
condensed and fragmented orange chromatin, in contrast to living cells, which have
green nuclei. Conversely, necrotic cells have a structurally normal orange nucleus
(Kasibhatla et al., 2006). The apoptotic index of at least 300 cells was evaluated as

follows:

Apoptotic index (%) = Number of apoptotic cell scoredX 100
poptotic taex 176) = Total number of cells counted

2.6 Assessment of genotoxicity of AgNPs using Comet assay

The alkaline single cell gel electrophoresis (Comet assay) was carried out using
standard method (Singh et al., 1988) with minor modifications. Briefly, 1x10° A549
cells treated with different concentrations of AgNPs or SFU for 24 h along with the
untreated control were suspended in 0.5 % low-melting point agarose (75 pl) prepared
in 1X PBS and spread onto a frosted slide precoated with 1% normal-melting point

agarose. Slides were immersed for 2 h in freshly prepared lysing solution (2.5 M NaCl,
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100 mM NaxEDTA, 10 mM Trizma base, 1% Triton X-100 and 10% DMSO, pH 10).
Following lysis, slides were placed in a horizontal electrophoresis tank containing
freshly prepared alkaline electrophoresis buffer (300 mM NaOH, 1 mM Na;EDTA,
pH13) for 20 min to allow unwinding of DNA. Electrophoresis was then carried out
for 30 min at 24 V and 300 mA and the slides were then neutralized by washing with
neutralization buffer (0.4 M Tris-HCI, pH 7.5) for 5 min. Slides were washed with
distilled water after neutralization and then stained with ethidium bromide (EtBr)
solution (2 pg/ml) for 5 min. Each slide was prepared in triplicate and 100 randomly
selected cells from each slide were examined using a fluorescence microscope
(Thermo Fisher Scientific, EVOS® Fluorescence Imaging, AMEP-4615) with a

magnification of 200x. The images captured were analysed with Image J software.

2.7 Antioxidant assays

2.5x10% cells were seeded in a T-25 flask with 5 ml of medium for the
assessment of antioxidant enzyme activities and the level of lipid peroxidation. After
24 h of AgNPs or 5FU treatments, the drug-containing medium was discarded and the
cells were harvested after being washed in sterile 1XPBS. The cells were pelleted,
sonicated (PCI Analytics Pvt. Ltd., Mumbai, India), and a 5% homogenate was
prepared in cold sterile PBS (pH-7.4) for biochemical assays. Total protein contents
were determined using the standard protocol (Lowry ef al., 1951) using bovine serum
albumin as standard.

Glutathione (GSH) levels were assessed using the standard method (Moron et
al., 1979). Briefly, the cell homogenate (80 pl) was incubated with 0.02M sodium
phosphate buffer (900 ul) and 10 mM DTNB (20 pl) for 2 min at room temperature. A
mixture devoid of tissue lysates served as blank. The absorbance of the sample was
taken against blank at 412 nm in a UV-visible spectrophotometer (SW 3.5.1.0.
Biospectrometer, Eppendorf India Ltd., Chennai). GSH concentration was calculated

from the standard graph and expressed in umol/mg protein.

Glutathione-s-transferase (GST) was measured using the standard method
(Beutler, 1984). Briefly, 5 mM CDNB (50 pl) was mixed with 0.1M phosphate buffer
(850 pl, pH 6.5) and incubated at 37 °C for 10 min. Then, 50 pl each of 20 mM GSH
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and cell homogenate was added to the mixture. A mixture devoid of tissue lysates
served as blank. The absorbance was measured at 1 min interval for 5 min at 340 nm.
GST activity was expressed as Unit/mg protein. GST activity was measured as:

0D of test — OD of blank

GST Acvitity = %X 1000
cvtity 9.6 X volume of test sample

where, 9.6 1s the molar extinction coefficient for GST.

The activity of superoxide dismutase activity was estimated by the NBT
reduction method (Fried, 1975). Briefly, cell homogenate (100 ul) and 186 uM PMS
(100 pl) was mixed with 3 mM NBT (300 pl) and 780 uM NADH (200 pl). The mixture
was incubated at 30 °C for 90 sec and the reaction was stopped by adding 1 ml of acetic
acid and 4 ml of n-butanol. A mixture devoid of tissue lysates served as blank. The
absorbance was measured at 560 nm and the enzyme activity was expressed in unit
(1unit = 50% inhibition of NBT reduction)/mg protein.

0D of blank — OD of sample

0 inhihition —
Y% inhibition 0D of blank X 1000

Lipid peroxidation (LPO) assay: Lipid peroxidation (LPO) was estimated
using standard method (Buege and Aust, 1978). Briefly, 10% TCA, 0.8% TBA and
0.02 N HCI were mixed with cell homogenate in 1:2 ratio. After boiling for 10 min,
the mixture was cooled immediately and centrifuged at 12000 rpm for 10 min. The
absorbance of supernatant was taken at 535 nm against blank. A mixture devoid of
tissue lysates served as blank. The MDA concentration of the sample was calculated

using the extinction coefficient of 1.56 x 10° M lcm™

2.8 qRT-PCR analysis of pro-apoptotic and anti-apoptotic gene expression

Briefly, 3x10° A549 cells were seeded in T-25 flask with 5 ml media. After an
overnight adherence, cells were treated with 2.5 pg/ml AgNPs or SFU for 24 h along
with a control sample. Cells were washed and harvested following treatments. Total
RNA was extracted from the pelleted cells using Tri reagent (BR Biochem, Life
Science Pvt. Ltd, R1022). Extracted RNA was quantified using Nanodrop
Spectrophotometer (Eppendorf Biophotometer Plus, Hamburg, Germany) and an RQ1
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DNase kit (Promega, M198A, Madison, WI, USA) was used to remove the genomic
contamination. 3 pg of total RNA was used to synthesize cDNA with a first-strand
cDNA synthesis kit (Thermo scientific, K1621; Lithuania, Europe). Gene-specific
primers were designed using Primer 3, Boston, MA, USA. qPCR was performed using
Quant-Studio 5 (ThermoFisher Scientific, Foster City, CA, USA). 1 pl of cDNA, 1 pl
of gene-specific forward and reverse primers, 1 upl of nuclease-free water
(ThermoFisher Scientific, A19938, Bangalore, India) and 3 pl of PowerUpTM
SYBR™ Green Master Mix (Thermo Fisher Scientific, A25742, Lithuania, Europe)
constitute a 7 pl PCR reaction volume for each gene. The cycling condition of gPCR
was 1 cycle at 95 °C (20 s), 35 cycles at 95 °C (01 s), 60 °C (20 s), and 95 °C (01 s),
additional melt curve plot step included 1 cycle of 60 °C (20 s) and 1 cycle of 95 °C
(01 s). Melting curves were subsequently generated to confirm a single uniform peak.
For the purpose of determining the relative expression levels of specific target genes,
the GAPDH gene was selected as a reference gene. Each sample was run in duplicate
along with non-template and negative RT controls. The relative expression of genes
was determined using the AACt method (Livak and Schmittgen, 2001).

Table 7.1. Primer sequences and their product size used in the qRT-PCR analysis of
A549 cells treated with AgNPs.

Gene Forward Primer Reverse Primer
P53 GTTCCGAGAGCTGAATGAG TCTGAGTCAGGCCCTTCTGT

Bax TCCCCCCGAGAGGTCTTTT CGGCCCCAGTTGAAGTTG
Bid CCTTGCTCCGTGATGTCTTC GTAGGTGCGTAGGTTCTGGT
Apaf-1 AAGGTGGAGTACCACAGAG TCCATGTATGGTGACCCATCC
BCI-2 GGATGCCTTTGTGGAACTGT AGCCTGCAGCTTTGTTTCAT
BCI-xI GGCCACTTACCTGAATGAC AAGAGTGAGCCCAGCAGAAC
Survivin AGAACTGGCCCTTCTTGGAG  CTTTTTATGTTCCTCTATGGTC

PARP CCAGATGCTTGTCTTCCTGG AGTGACAGCAGGGTTGGCATA
GAPDH GAGTCAACGGATTTGGTCT GACAAGCTTCCCGTTCTCAG
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2.9 Caspase-3/6 activity assay

A quantitative enzymatic activity assay for caspase 3 and caspase 6 was
performed in accordance with the manufacturer's protocols (BioVision Incorporated,
USA). Briefly, 2 x 10° A549 cells were treated with 2.5 ug/ml AgNPs or 5FU for 24
h in T-25 flask with 5 ml of medium along with the untreated control. Following
treatment, cells were washed and lysed in 50 pl of chilled lysis solution, followed by
a 10 min incubation on ice. The cell lysates were centrifuged at 15,000 x g for 1 min
at 4 °C, and the supernatant was collected. The total amount of protein was estimated
using the Bradford assay (Bradford, 1976). The assay was performed in a total volume
of 100 pl in 96-well plates. 150 ug of protein from each sample was assayed for
caspase-3/6 activity against their specific colorimetric substrate DEVD-pNA for
caspase-3, and VEID-pNA for caspase-6. The mixture was incubated for another 2 h
at 37 °C and the absorbance of free p-nitroanilide (pNA) produced via cleavage from
their specific substrates by activated caspase-3 and caspase- 6 was measured at 405

nm using a microplate reader

2.10 Statistical analysis

All data were expressed as mean + standard error of the mean. One-way
ANOVA followed by Tukey’s test was performed to test significant variations between
control and treatment groups. SPSS ver.16.0 software (SPSS Inc, Chicago, Illinois,
USA) and Graph Pad Prism ver. 6.0 were used for statistical and graphical analyses.

A p-value of less than 0.05 was considered statistically significant.

3. Results
3.1 Anticancer activity of Mikania micrantha silver nanoparticles

3.1.1 The antiproliferative and cytotoxic effects of AgNPs in A549 cells

A549 cells were treated for 24 h with different concentrations of AgNPs to
determine their cytotoxicity and the amount of cell death induced by AgNPs was
assessed by the MTT assay. Treatment of cells with AgNPs showed a dose dependent
increase in cytotoxicity. The inhibition (%) of A549 cells by AgNPs was plotted
against log doses for the calculation of ICso (Figure 7.1). The cytotoxic effect of
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AgNPs (ICso: 2.8 £0.02 pg/ml) at 24 h treatment was found to be significantly higher
than the M. macrantha extract alone as well as AgNO3, where the 1Cso could not be
determined even at the dose of 200 pg/ml. The cytotoxicity of AgNPs was assessed in
normal fibroblast cells (L929), and the ICso of the synthesized AgNPs could not be
determined even at a concentration of 50 pg/ml, suggesting the safety of the

synthesized AgNPs in a normal cell line.

3.1.2 The inhibitory effect of AgNPs on the clonogenicity of A549 cells

Cancer cells are able to regulate their growth and spread by forming colonies,
which they utilise as a means of communicating and assembling themselves into a
tumor. Compared to the untreated control, our results reveal that AgNPs treatment
significantly decreased the clonogenicity of A549 cells in a dose-dependent manner
[Figure 7.2(a)]. Colony-forming ability was considerably suppressed in A549 cells
treated with AgNPs at concentrations of 1.0, 2.5 and 5.0 pg/ml with 24.21, 3.35, and
0.17 surviving fraction, respectively [Figure 7.2(b)]. The colony inhibitory effect of
AgNPs at a concentration of 5.0 ug/ml was comparable to that of the standard drug
SFU, showing the efficacy of AgNPs in reducing the formation of colonies in cancer

cells.

3.1.3 Morphological evidence of apoptosis induced by AgNPs

The apoptotic morphology was identified and quantified using acridine
orange/ethidium bromide (AO/EtBr) dual staining to ascertain whether apoptosis is
the mechanism underlying AgNPs-induced suppression of A549 cell growth. A549
cells treated with various concentrations of AgNPs for 24 h revealed a dose-dependent
increase in apoptotic cells. Fluorescence microscopic images of the AgNPs treated
cells [Figure 7.3(a)] showed morphological alterations such as nuclear condensation
and nuclear fragmentation which are the distinct characteristics of apoptotic cells.
Treatment with AgNPs at 1.0, 2.5, and 5.0 pg/ml resulted in a progressive increase in
the apoptotic index (%), with the percentage of dead cells being 34.4%, 68.5%, and
91.2%, respectively. The apoptotic index of A549 cells treated with 5.0 pg/ml of
AgNPs was found to be significantly higher than that of the standard drug 5FU [Figure
7.3(b)].
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3.1.4 Induction of DNA strand breaks by AgNPs

DNA damage and activation of apoptosis in response to anti-cancer drugs is a
crucial component of anticancer therapy. The alkaline Comet assay was performed to
evaluate DNA damage in A549 cells after treatment with different concentrations of
AgNPs. Our findings revealed that AgNPs treatment led to significant DNA damage
in A549 cells, as indicated by the increased tail area, tail length, tail DNA, and tail
olive moment in AgNPs-treated groups when compared to untreated control group
[Figure 7.4(a-e)]. Moreover, the levels of DNA damage induced by AgNPs were found
to be significantly higher when compared with the damage induced by the standard
drug SFU [Figure 7.4(b-e)].

3.1.5 Antioxidants/Oxidant Status

The level and activities of antioxidants and oxidants in A549 cells were
measured after treatment with AgNPs. The treatment of cancer cells with AgNPs
decreases the levels and activities of antioxidant in a dose-dependent manner when
compared to untreated cells [Figure 7.5(a-c)]. The reducing action of AgNPs (5 pg/ml)
on the antioxidants activities was found to be significantly better than the standard
S5FU (100 pg/ml). In order to determine whether AgNPs treatment affects intracellular
oxidant levels, the level of lipid peroxidation (LPO) as an oxidative stress biomarker
was measured. Consistent with the decreased antioxidant enzyme activities, oxidative
stress levels increased significantly after AgNPs treatment of cancer cells. The
increase in LPO was found to be dose dependent up to Spg/ml in response to AgNPs
treatment [Figure 7.5(d)].

3.1.6 Effect of AgNPs on the relative expression of pro-apoptotic and anti-apoptotic

genes

The relative mRNA expression levels of both pro-apoptotic (Bax, Bid, p53,
and Apaf-1) and anti-apoptotic (BCI-X, BCI-2, Survivin, and PARP) genes were
assessed using qRT-PCR techniques. Treatment of A549 cells with AgNPs (2.5 pg/ml)
for 24 h induced up-regulation of pro-apoptotic genes such as Bax, Bid, p53, and Apaf-
1by3.5,13.4,4.4, and 5.2 folds, respectively, in comparison to the untreated control
[Figure 7.6(a-d)]. Moreover, anti-apoptotic genes including BCI-X;, BCI-2, and PARP
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were downregulated by 4.5, 9.6, and 4.5-fold relative to the untreated group [Figure
7.6(e,f,h)].

3.1.7 Activation of caspase-3/6 by AgNPs on A549 cells

Caspase-3/6 plays a crucial role in the activation of apoptosis in cancer cells,
and the effect of AgNPs on apoptosis in A549 cells was evaluated by assessing
caspase-3/6 activity. Treatment of A549 cells with 2.5 pg/ml AgNPs resulted in a 2.4-
and 2.9-fold increase in the activities of caspase-3 and caspase-6, respectively,
compared to the untreated control (Figure 7.7). The activity of caspase-3 was

significantly higher in the AgNPs treated group than the standard drug SFU.
3.2 Anticancer activity of Acmella ciliata silver nanoparticles

3.2.1 The antiproliferative and cytotoxic effects of AgNPs in A549 cells

The MTT assay was performed to evaluate the cytotoxicity and rate of cell
mortality induced by AgNPs in A549 cells that were treated with varying
concentrations of AgNPs synthesized using aqeous leaf extract of A. ciliata for 24
hours. Treatment of cells with AgNPs resulted in a dose-dependent increase in
cytotoxicity. The percentage of inhibition of A549 cells by AgNPs was plotted against
log doses to determine the ICso (Figure 7.8). The cytotoxic effect of AgNPs (ICso: 2.46
+ 134 pg/ml) was significantly higher than that of the A. ciliata extract alone and
AgNO;s, even at a dose of 200 pg/ml, during a 24 h treatment. A549 cells were treated
for 24 h with different concentrations of AgNPs to determine their cytotoxicity and the
amount of cell death induced by AgNPs was assessed by the MTT assay. Treatment of
cells with AgNPs showed a dose dependent increase in cytotoxicity. The inhibition
(%) of A549 cells by AgNPs was plotted against log doses for the calculation of ICso
(Figure 7.8). The cytotoxic effect of AgNPs (ICso: 2.46 & 134 pg/ml) at 24 h treatment
was found to be significantly higher than the A. ciliata extract alone as well as AgNO3,
where the ICso could not be determined even at the dose of 200 pg/ml. The cytotoxicity
of AgNPs was evaluated in normal fibroblast cells (L929), and the ICso of the
synthesized AgNPs could not be established even at the concentration of 50 pg/ml,
indicating the safety of the synthesized AgNPs in a normal cell line.
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3.2.2 The inhibitory effect of AgNPs on the clonogenicity of A549 cells

Cancer cells are able to regulate their growth and spread by forming colonies,
which they utilise as a means of communicating and assembling themselves into a
tumor. Compared to the untreated control, our results reveal that AgNPs treatment
significantly decreased the clonogenicity of A549 cells in a dose-dependent manner
[Figure 7.9(a)]. Colony-forming ability was considerably suppressed in A549 cells
treated with AgNPs at concentrations of 1.0, 2.5 and 5.0 ug/ml with 21.92, 2.83, and
0.09 surviving fraction, respectively [Figure 7.9(b)]. The colony inhibitory effect of
AgNPs at a concentration of 5.0 pg/ml was significantly higher than the standard drug
5FU, showing the efficacy of AgNPs in reducing the formation of colonies in cancer

cells.

3.2.3 Morphological evidence of apoptosis induced by AgNPs

The apoptotic morphology was identified and quantified using acridine
orange/ethidium bromide (AO/EtBr) dual staining to ascertain whether apoptosis is
the mechanism underlying AgNPs-induced suppression of A549 cell growth. A549
cells treated with various concentrations of AgNPs for 24 h revealed a dose-dependent
increase in apoptotic cells. Fluorescence microscopic images of the AgNPs treated
cells [Figure 7.10(a)] showed morphological alterations such as nuclear condensation
and nuclear fragmentation which are the distinct characteristics of apoptotic cells.
Treatment with AgNPs at 1.0, 2.5, and 5.0 ng/ml resulted in a progressive increase in
the apoptotic index (%), with the percentage of dead cells being 28.11%, 54.21%, and
84.05%, respectively. The apoptotic index of A549 cells treated with 5.0 pg/ml of
AgNPs was found to be significantly higher than that of the standard drug SFU [Figure
7.10(b)].

3.2.4 Induction of DNA strand breaks by AgNPs

DNA damage and activation of apoptosis in response to anti-cancer drugs is a
crucial component of anticancer therapy. The alkaline Comet assay was performed to
evaluate DNA damage in A549 cells after treatment with different concentrations of

AgNPs. Our findings revealed that AgNPs treatment led to significant DNA damage
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in A549 cells, as indicated by the increased tail area, tail length, tail DNA, and tail
olive moment in AgNPs-treated groups when compared to untreated control group
[Figure 7.11(a-e)]. Moreover, the levels of DNA damage induced by AgNPs were
found to be significantly higher when compared with the damage induced by the
standard drug SFU [Figure 7.11(b-e)].

3.2.5 Antioxidants/Oxidant Status

The level and activities of antioxidants and oxidants in A549 cells were
measured after treatment with AgNPs. The treatment of cancer cells with AgNPs
decreases the levels and activities of antioxidant in a dose-dependent manner when
compared to untreated cells [Figure 7.12(a-c)]. The reducing action of AgNPs (5
ng/ml) on the antioxidants activities was found to be significantly better than the
standard SFU (100 pg/ml). In order to determine whether AgNPs treatment affects
intracellular oxidant levels, the level of lipid peroxidation (LPO) as an oxidative stress
biomarker was measured. Consistent with the decreased antioxidant enzyme activities,
oxidative stress levels increased significantly after AgNPs treatment of cancer cells.
The increase in LPO was found to be dose dependent up to 5 pg/ml in response to

AgNPs treatment [Figure 7.12(d)].

3.2.6 Effect of AgNPs on the relative expression of pro-apoptotic and anti-apoptotic

genes

The relative mRNA expression levels of both pro-apoptotic (Bax, Bid, p53, and Apaf-
1) and anti-apoptotic (BCl-Xt, BCI-2, Survivin, and PARP) genes were assessed using
gRT-PCR techniques. Treatment of A549 cells with AgNPs (2.5 pg/ml) for 24 h
induced up-regulation of pro-apoptotic genes such as Bax, Bid, p53, and Apaf-1 by
4.5, 14.8, 4.9, and 3.6 folds, respectively, in comparison to the untreated control
[Figure 13(a-d)]. Moreover, anti-apoptotic genes including BCI/-X;, BCI-2, Survivin,
and PARP were downregulated by 5.7, 4.5, 1.06 and 4.6-fold relative to the untreated
group [Figure 7.13(e,f,h)].
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3.2.7 Activation of caspase-3/6 by AgNPs on A549 cells

Caspase-3/6 plays a crucial role in the activation of apoptosis in cancer cells,
and the effect of AgNPs on apoptosis in A549 cells was evaluated by assessing
caspase-3/6 activity. Treatment of A549 cells with 2.5 pg/ml AgNPs resulted in a 2.6-
and 3.0-fold increase in the activities of caspase-3 and caspase-6, respectively,
compared to the untreated control (Figure 14). The activity of caspase-3 was

significantly higher in the AgNPs treated group than the standard drug 5FU.
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Figure 7.1: Plots of log-doses of various concentration of AgNPs synthesized using
M.Micrantha in triplicate against inhibition (%) of A549 cells after 24 h treatment for

the calculation of ICsy.
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Figure 7.2: (a) Inhibition of colony formation of A549 cells mediated by AgNPs. (b)
Effect of AgNPs on the reproductive viability of A549 cells, expressed as a surviving
fraction (SF) Control: A549 cells without treatment; AgNPs 1.0, AgNPs 2.5 and
AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively;
5FU: A549 cells treated with 100 pg/ml of 5FU (positive control). Values are

expressed as Mean + SEM. Different letters indicate significant variation.
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Figure 7.3: (a) Acridine orange/Ethidium bromide (AO/EtBr) dual staining of A549
cells after treatment with different doses of AgNPs for 24 h (yellow arrow shows the
live cells, red arrow shows apoptotic cells with nuclear condensation, and blue arrow
shows apoptotic cells with nuclear fragmentation). (b) Percentage of dead cells after
treatment of A549 with biosynthesized AgNPs. Control: A549 cells without treatment;
AgNPs 1.0, AgNPs 2.5 and AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml
of AgNPs respectively; SFU: A549 cells treated with 100 pg/ml of SFU (positive
control). Values are expressed as Mean + SEM. Different letters indicate significant

variation.
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Figure 7.4: (a) Fluorescence images of Comets observed in control and A549 cells
treated with different concentrations of AgNPs. (b - e) The extent of DNA damage
expressed in terms of tail area, tail length, tail DNA and tail olive moment. Control:
A549 cells without treatment; AgNPs 1.0, AgNPs 2.5 and AgNPs 5.0: A549 cells
treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively; SFU: A549 cells treated
with 100 pg/ml of SFU. Values are expressed as Mean £ SEM. Different letters

indicate significant variation.
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Figure 7.5: Effects of AgNPs on (a) glutathione (GSH) level; (b) glutathione-s-
transferase (GST) activity; (¢) superoxide dismutase (SOD) activity; and (d) lipid

peroxidation (LPO) expressed in malondialdehyde (nmol/mg protein) in A549 cells

after 24 h treatment. Control: A549 cells without treatment; AgNPs 1.0, AgNPs 2.5
and AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively;
5FU: A549 cells treated with 100 png/ml of SFU. Values are expressed as Mean = SEM.

Different letters indicate significant variation.
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Figure 7.6: Effects of AgNPs on mRNA expression levels of (a) Bax; (b) Bid; (¢) p53;
(d) Apaf-1; (e) BCI- X1; (f) BCI-2; (g) Survivin and (h) PARP in A549 cells after 24 h
treatment. Control: A549 cells without treatment; AgNPs: A549 cells treated with 2.5
ng/ml of AgNPs; SFU: A549 cells treated with 100 pg/ml of SFU. Values are expressed

as Mean + SEM. Different letters indicate significant variation.
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Figure 7.7: Effects of AgNPs on activities of (a) Caspase-3 and (b) Caspase-6 in A549
cells after 24 h treatment. Control: A549 cells without treatment; AgNPs: A549 cells
treated with 2.5 ug/ml of AgNPs; SFU: A549 cells treated with 100 pg/ml of SFU.

Values are expressed as Mean + SEM. Different letters indicate significant variation.
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Figure 7.8: Plots of log-doses of various concentration of AgNPs synthesized using
A.Ciliata in triplicate against inhibition (%) of A549 cells after 24 h treatment for the

calculation of 1Cs.
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Figure 7.9: (a) Inhibition of colony formation of A549 cells mediated by AgNPs. (b)
Effect of AgNPs on the reproductive viability of A549 cells, expressed as a surviving
fraction (SF). Control: A549 cells without treatment; AgNPs 1.0, AgNPs 2.5 and
AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively;
5FU: A549 cells treated with 100 pg/ml of SFU (positive control). Values are

expressed as Mean +£ SEM. Different letters indicate significant variation.
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Figure 7.10: (a) Acridine orange/Ethidium bromide (AO/EtBr) dual staining of A549
cells after treatment with different doses of AgNPs for 24 h (yellow arrow shows the
live cells, red arrow shows apoptotic cells with nuclear condensation, and blue arrow
shows apoptotic cells with nuclear fragmentation). (b) Percentage of dead cells after
treatment of A549 with biosynthesized AgNPs. Control: A549 cells without treatment;
AgNPs 1.0, AgNPs 2.5 and AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml
of AgNPs respectively; SFU: A549 cells treated with 100 pg/ml of SFU (positive
control). Values are expressed as Mean £ SEM. Different letters indicate significant

variation.
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Figure 7.11: (a) Fluorescence images of Comets observed in control and A549 cells
treated with different concentrations of AgNPs. (b - e) The extent of DNA damage
expressed in terms of tail area, tail length, tail DNA and tail olive moment. Control:
A549 cells without treatment; AgNPs 1.0, AgNPs 2.5 and AgNPs 5.0: A549 cells
treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively; SFU: A549 cells treated
with 100 pg/ml of SFU. Values are expressed as Mean £ SEM. Different letters

indicate significant variation.

151



Chapter 7

F410=431.08; p < 0.001 Fa10= 216.57; p < 0.001
1259 2.0
=) —_
% 1004 a %
s b § 1.5 a
g 5 c : 5 b
3 g 1.0 C
e 50 = [o]
» d = d
g) 25 5 0.5
O] Q]
0- T 0.0- T
S Q o Q O 3 N “ )
& ¢ & & & & & &Y & &
SN S ox S §S S
oS DS S v > v
(@ (b)

F4'10 = 15330.71; p < 0.001

1.2
_ S 1.0 d
= B
P
2 S 0.8
5 2
= - C
2 = 06
k= IS e
< £ 0.4 b
=) S 02 gi
) =
0.0- T
> S ) N N
\‘.\0\ A DR ~ & Q‘ﬂ'\' oV Q"o(o &
S ¢ & & ° < & & S
L S v
© (d)

Figure 7.12: Effects of AgNPs on (a) glutathione (GSH) level; (b) glutathione-s-
transferase (GST) activity; (¢) superoxide dismutase (SOD) activity; and (d) lipid
peroxidation (LPO) expressed in malondialdehyde (nmol/mg protein) in A549 cells
after 24 h treatment. Control: A549 cells without treatment; AgNPs 1.0, AgNPs 2.5
and AgNPs 5.0: A549 cells treated with 1.0, 2.5 and 5.0 pg/ml of AgNPs respectively;
SFU: A549 cells treated with 100 pg/ml of SFU. Values are expressed as Mean = SEM.

Different letters indicate significant variation.
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Figure 7.13: Effects of AgNPs on mRNA expression levels of (a) Bax; (b) Bid; (¢)
p53; (d) Apaf-1; (e) BCI- X1; (f) BCI-2; (g) Survivin and (h) PARP in A549 cells after
24 h treatment. Control: A549 cells without treatment; AgNPs: A549 cells treated with
2.5 ng/ml of AgNPs; SFU: A549 cells treated with 100 pg/ml of SFU. Values are

expressed as Mean + SEM. Different letters indicate significant variation.
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Figure 7.14: Effects of AgNPs on activities of (a) Caspase-3 and (b) Caspase-6 in
A549 cells after 24 h treatment. Control: A549 cells without treatment; AgNPs: A549
cells treated with 2.5 pg/ml of AgNPs; SFU: A549 cells treated with 100 pg/ml of
S5FU. Values are expressed as Mean + SEM. Different letters indicate significant

variation.
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4. Discussion

Nanoparticles have the potential to enhance the efficacy of many drugs by
enabling targeted delivery to certain cells. The therapeutic efficacy of nanoparticulated
silver is based on its distinctive ability to induce apoptosis in mammalian cells. Despite
variability in their physical and chemical characteristics, such as differences in size,
shape, and capping material, their mechanism for causing cancer cell death is
consistent and unalterable. AgNPs accumulate in endosomes after being taken up,
mostly through endocytosis mechanisms, which are then targeted for fusion with
lysosomes. The acidic environment of the lysosome causes a higher release of silver
ions from the AgNPs. These reactive ions disrupt the balance of cellular homeostasis
and, depending on the biological characteristics of the targeted cell, result in apoptotic
cell death (Cameron et al., 2018). This mechanism, also known as the "Trojan-horse"
mechanism, implies that the cytotoxic effect of AgNPs manifests once the cells absorb
them (Hsiao et al., 2015). However, the most significant difference between AgNPs
and traditional small molecular treatments is the "nano" characteristic of AgNPs,
which eventually aids in mitigating the severity of adverse side effects. These nano-
characteristics can passively or actively direct AgNPs to the tumor tissues, allowing
them to accumulate in high concentrations. Passive accumulation occurs in tumor
tissue due to neo-angiogenesis, altered endothelial layer, fenestrated vasculature, and
impaired lymphatic drainage, allowing nano-sized materials to penetrate and
accumulate within cancerous tissues. The enhanced permeability and retention (EPR)
effect is a phenomenon that has been utilized in the nanomedicine field to facilitate
the development of drugs (Kalyane et al., 2019). Furthermore, it has been suggested
that manipulating the shape, size, and capping compounds of nanoparticles can
enhance their passive accumulation.

Researchers have proposed active targeting strategies as viable alternatives to
passive targeting to enhance the cancer specificity of silver nanoparticles. Active
targeting involves binding a cancer cell-specific moiety to nanoparticle surfaces,
allowing nanomaterials to be taken up by the desired cells. In this regard, the
application of silver nanoparticles as a coating material holds promise for recognising

target cells and facilitating gene-targeted therapy. The toxicity of AgNPs on various
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cell lines is mostly influenced by the uptake efficiency of intact nanoparticles rather
than the sensitivity of cancer cells to Ag ions, emphasizing the harmful impacts of the
released Ag ions within the cell (Fahrenholtz et al., 2017).

The cytotoxic effect of aqueous silver nanoparticles synthesized from
Chaetomorpha linum has been found to be potent against HCT-116 cancer cells, which
is consistent with our findings (Acharya et al, 2021). The synthesis of AgNPs
employing plant extracts as reducing agents has garnered significant interest in
nanomedicine due to the abundance of phytochemicals in plants, which can function
as coating agents during the synthesis of nanoparticles. These methods of AgNPs
synthesis also have the benefit of being environmentally benign; the process is easily
accessible, affordable, relatively simple to carry out, and offers the potential for large-
scale production (Ivanova et al., 2018). The main features of the silver nanoparticles
using plant extract includes reduced side effects and cytotoxicity at a relatively low
concentration especially in cancer experimental models. Accelerated cell proliferation
is one of the hallmarks of cancer. Thus, targeting the rapidly dividing cells seems most
appropriate when searching for a novel anticancer agent.

The silver nanoparticle synthesized using M. micrantha and A. ciliata extract
exhibit high antiproliferative activity against the lung cancer cells A549. Both AgNPs
and leaves extract have antiproliferative activities, however this action is enhanced
when the two are combined and appears to show synergistic effect. An important
criterion in considering an effective anticancer agent is the induction of apoptosis.
Morphological alterations indicate that AgNPs treatment induces cell death, such as
apoptosis. The programmed cell death apoptosis is no doubt the preferred cell death
mechanism for any cytotoxic agent. The biosynthesized AgNPs showed cytotoxic
effects in A549 cells and triggers the apoptotic pathway. Upregulation of the pro-
apoptotic genes and down regulation of the anti-apoptotic genes could imply that the
biosynthesized AgNPs selectively target the apoptotic pathway. Whether the apoptotic
pathway activated by the biosynthesized AgNPs is the intrinsic or extrinsic pathway
needs more investigation, however, judging from our results, it is likely that the
mitochondrial pathway is involved. This is because the balance of pro- and anti-
apoptotic BCI-2 proteins can influence the susceptibility of cells to apoptotic stimuli.

An over-abundance of pro-apoptotic BCI-2 proteins such as Bax at the mitochondrial

156



Chapter 7

surface generates the permeability transition (PT) pore, resulting in the hierarchical
release of pro-apoptotic proteins such as cytochrome ¢, Smac/Diablo, and apoptosis-
inducing factor (AIF) and the subsequent activation of caspase-3 and caspase-6
(Bidian et al., 2023). In our study, significant increase in caspase-3 and caspase-6
activities in A549 cells following AgNPs treatment strongly suggested that AgNPs-
induced apoptosis was carried out via a caspase-dependent pathway. The silver ions
released by AgNPs were primarily responsible for caspase-3 and caspase-6 activation
and oxidative stress.

Many anticancer agents currently in the market viz. such as doxorubicin,
paclitaxel, vinblastine and some that are currently undergoing clinical trials induced a
reactive oxygen species (ROS)-dependent apoptosis. Similarly, treatment of cancer
cells with the biosynthesized AgNPs triggered a ROS induced apoptotic pathway.
Aside from inducing apoptosis through ROS-mediated DNA damage, AgNPs can also
directly damage DNA structure by releasing Ag’ and Ag* (Ishida et al., 2017). This is
evident from the fact that treatment of A549 cells with the biosynthesized AgNPs leads
to increased ROS in the cell and decreased antioxidant activities. It was found that the
effect of AgNPs on the antioxidant/oxidant status of A549 cells was substantially more
effective than that of SFU. Despite the fact that effective antioxidants are essential for
maintaining redox homeostasis, elevated antioxidant levels have been linked to cancer
progression and chemoresistance. For instance, it has been observed that cancer cells
with high glutathione levels exhibit increased neoplastic transformation (Hayes ef al.,
2020), drug resistance, and cancer therapy failure (Kennedy ef al., 2020). It has been
found that certain human cancer cells exhibit resistance to therapeutic intervention due
to elevated activities of GST and SOD (Gupta et al., 2020). AgNPs induce the
formation of ROS to disturb the structure of DNA, or they can directly interact with
DNA, resulting in DNA mutations (Farah ef al.,, 2016). Elevated levels of ROS can
cause damage to the DNA double helix in a concentration-dependent manner, which
includes breaking single or double-stranded DNA, influencing base alterations, and
DNA linkages (Nayak et al., 2016; Hsin ef al., 2008). Cancer cells treated with AgNPs
exhibit DNA methylation, errors in DNA base pairing, defects in DNA repair, and an
increase in chromosomal aberrations (Barcinska et al., 2018). Furthermore, AgNPs

treatment also induced a significant elevation in lipid peroxidation levels, which could
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be mediated by a reduction in antioxidant activity that leads to an accumulation of
cellular ROS (Fenoglio ef al., 2008). The DNA damaging eftects of AgNPs correspond
well with the elevation of lipid peroxidation in A549 cells treated with AgNPs since
malondialdehyde, the end product of LPO, can generate mutagenic adducts that result
in DNA damage (Yui et al., 2023). Redox imbalance is often the causative agent for
apoptosis whereby too much ROS in the cells triggers the apoptotic pathway. Whether
the biosynthesized AgNPs treatment by itself affects increased ROS production is not
known, however, the increase in ROS due to AgNPs could be the result of inefficient
antioxidant system caused by the treatment.

The results of our study indicate that cellular damage is initiated by AgNPs-
induced oxidative stress, which impacts almost every signalling pathway in the cell.
Therefore, it is likely that the activation of oxidative stress exclusively causes the
signalling processes experienced after AgNPs treatments. Oxidative stress initiates
lipid peroxidation, disrupts mitochondrial function, oxidizes amino acids in proteins,
deactivates enzymes, and causes damage to DNA and RNA, which can potentially
result in autophagy, apoptosis, and necrosis of cancer cells (Zhang et al., 2016).
Smaller sizes and higher concentrations of AgNPs demonstrate higher induction of
ROS and greater cytotoxicity, and significantly increased ROS emerge from several

cancer cells treated with AgNPs (Avalos et al., 2014).

5. Conclusion

We report a reductive green synthesis of AgNPs using aqueous leaves extract
of M. micrantha and A. ciliata against the deadly disease cancer. Importantly, our
study demonstrates the cytotoxic effects of AgNPs on human lung adenocarcinoma
A549 cells by targeting the apoptotic pathway which is the preferred cell death
pathway for any novel drug candidate. The involvement of apoptotic pathway was
shown by the upregulation of pro-apoptotic genes and down-regulation of anti-
apoptotic genes as well as activation of caspases. The biosynthesized AgNPs also
activates the apoptotic pathway via increasing the ROS levels and decreased
antioxidant levels. Our study therefore highlights an important role of the

biosynthesized MNP and ANP as a potential novel candidate for cancer therapy.
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Consolidated summary

Nanotechnology and nanoparticles have been paving the way for scientific and
technological advancement, providing revolutionary prospects in various disciplines.
Silver nanoparticles (AgNPs) have gained significant attention in various fields due to
their unique properties including appropriate electrical conductivity, chemical
stability, catalytic and antimicrobial activities. The utilization of biological resources
in green synthesis, in particular, provides a sustainable approach that reduces
environmental impact yet retains the desired biological activity. Our study shows that
Mikania micrantha and Acmella ciliata leaf extract are capable of green and eco-
friendly production of silver nanoparticles, providing a simple, cost-effective, and
efficient process. The formation of AgNPs was confirmed by a UV-Vis spectrum that
revealed an absorption band at 459 nm (MNP) and 430 nm (ANP). The bioactive
molecules of the leaf extract that functioned as a reducing and capping agent were
verified by a shift in the absorption bands in FT-IR. The presence of elemental silver
was indicated by EDS, and the XRD spectrum reveals sharp peaks that demonstrate
the crystalline nature. SEM and TEM analysis confirmed the spherical morphology
and size of AgNPs, respectively. The significance of each characterization technique
in the synthesis of AgNPs is that it provides a comprehensive understanding of the
properties, which subsequently functions as the foundation for the applications.

The standard method for synthesizing AgNPs is a biological technique that
primarily involves using plant extracts to reduce silver ions and produce stable silver
nanoparticles. When plant extracts are typically employed in the production of
nanoparticles, the antioxidant activity of AgNPs is often compared to that of the plant
extract alone. Nevertheless, nanoparticles consistently exhibit evidently greater results
compared to the plant extract alone. The antioxidant activity of silver nanoparticles is
typically influenced by the chemical composition of the extract, and these attributes
generally improve as the concentration of AgNPs increases. The silver nanoparticles
exhibit substantial scavenging activity when the extract contains a high concentration
of flavonoids and phenolic compounds. Our findings suggest that biosynthesized

AgNPs may interact with erythrocyte membrane lipids and protect against haemolysis
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owing to their unique physio-chemical properties and high surface area to volume
ratio.

The toxic side effects of doxorubicin restrict its multifarious application in
cancer treatment. Consequently, it is imperative to mitigate the drug's long-term
adverse effects in order to further enhance its therapeutic value. According to our
study, the biosynthesized AgNPs from A. ciliata leaf extract provides outstanding
protections against DOX-induced cardiotoxicity and hepatotoxicity in DLA-bearing
mice, potentially via enhancing antioxidant activity and lowering lipid peroxidation.
Co-administration of biosynthesized AgNPs also reduces the DOX-induced increase
in the activities of various serum enzyme markers, confirming its antioxidant potential.
Further research is needed to clarify the specific mechanism by which biosynthesized
AgNPs protect against DOX-induced toxicity. Our study indicate that biosynthesized
AgNPs may effectively counteract the toxic effects caused by DOX and offer a feasible
option for enhancing the therapeutic efficacy of doxorubicin.

Silver nanoparticles as antimicrobial agents offer a potential solution to the
rising issue of antimicrobial resistance, which poses a threat worldwide. AgNPs can
be altered to obtain specificity and transport to certain targets while also meeting the
necessary criteria for the effectiveness of novel antimicrobial technologies, such as
antimicrobial performance, quick action, and low toxicity. The antifungal activity is
likely significantly correlated with its reduced size and altered shape, which results in
an increased surface area that enhances its antifungal activity. Evaluating the impact
of AgNPs in biological environments, together with their interactions with other
substances, can provide critical understanding for the development of cutting-edge
technologies and nanomaterials that can efficiently prevent infections or specifically
eliminate pathogenic microorganisms.

Metal nanoparticles, particularly silver nanoparticles, are an emergent new
class that has significant potential in the field of cancer biology. Because of their
cancer-specific targeting, reduced side effects, and substantial anti-cancer properties,
nanoparticle therapies are appealing platforms for clinically applicable drug
development. Our study illustrates the cytotoxic effects of AgNPs on human lung
adenocarcinoma A549 cells by focusing on the apoptotic pathway, which is the

preferred cell death pathway for any novel drug candidate. The involvement of
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apoptotic pathway was shown by the upregulation of pro-apoptotic genes and down-
regulation of anti-apoptotic genes as well as activation of caspases. The biosynthesized
AgNPs also activates the apoptotic pathway via increasing the ROS levels and
decreased antioxidant levels. Our findings highlight the significant role of
biosynthesized MNP and ANP as a promising novel option for cancer treatment.

This research extensively investigates the synthesis, characterization, and
biological uses of silver nanoparticles. The distinct physicochemical characteristics of
AgNPs, such as their substantial surface area-to-volume ratio and variable size, have
been shown to significantly enhance their biological interactions, namely in the fields
of antioxidative, antimicrobial, and anticancer applications. Further research into
AgNPs synthesized using extracts from M. micrantha and A. ciliata could bring a
promising application in the fields in agriculture and medicine. Nevertheless, it is
crucial to acknowledge the challenges related to the clinical application of
AgNPs. Future studies should prioritize refining the synthesis methods to produce
AgNPs with enhanced biocompatibility and targeted therapeutic action, opening the

path for future advancements in nanotechnology.
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Abstract

Silver nanoparticles (AgNPs) have emerged as a prominent nanomaterial in the
biomedical and agriculture sectors owing to their unique physicochemical properties.
In the realm of nanotechnology, it is imperative to establish reliable and environment-
friendly approaches to the production of nanoparticles (NPs), as the conventional
methods are expensive, harmful, and detrimental to the environment. To facilitate
overcoming these issues, biological sources such as plants, bacteria, fungi, and
biopolymers have been utilized to produce AgNPs, which can serve as both reducing
and capping agents. This study focuses on the research on plant-assisted synthesis of
AgNPs, an emerging area in nanotechnology, and their biological applications. Silver
nanoparticles, usually with sizes less than 100 nm and consisting of 20-15,000 silver
atoms, exhibit unique physical, chemical, and biological characteristics in comparison
to their larger precursor materials. AgNPs have distinct physical and optical
characteristics, along with tailored biochemical functionality achieved by controlling
their size and shape. These features render them highly potential for various
applications, including as antimicrobial agents, anticancer therapy, drug delivery
carriers, anti-diabetic agents, wound healing, and biosensors. Although AgNPs have
therapeutic benefits, it is crucial to prioritize gaining a deeper understanding of their
mechanisms in order to expand their potential applications in nanomedicine, including

diagnostics, therapeutics, and pharmaceuticals.

This thesis is broadly divided into seven chapters. Chapter 1 provides a general
introduction, while chapter 2 focuses on reviewing the literature. Chapter 3 describes
the synthesis and characterization of silver nanoparticles using Mikania micrantha and
Acmella ciliata leaf extract. Chapter 4 provides a detailed account of the free radical
scavenging activities of silver nanoparticles derived from Mikania micrantha and
Acmella ciliata (in vitro and ex vivo). The chemical composition of the extract
typically influences the antioxidant effects of silver nanoparticles, and these attributes
generally enhance as the concentration of AgNPs increases. Chapter 5 describes the
antioxidant-mediated ameliorative of Acmella ciliata silver nanoparticles activity

against doxorubicin-induced toxicity in Dalton’s Lymphoma Ascites (DLA) bearing



mice. This study found that biosynthesized AgNPs from A. ciliata leaf extract offers
outstanding protections against cardiotoxicity and hepatotoxicity caused by DOX in
DLA-bearing mice possibly by elevating the activities of antioxidants and reduction
of lipid peroxidation. Chapter 6 gives an in-depth investigation of the antimicrobial
activity exhibited by Mikania micrantha and Acmella ciliata silver nanoparticles. Our
findings validate the concept that silver nanoparticles are appropriate for developing
novel microbiocidal agents. Chapter 7 describes the cytotoxicity and anti-cancer
activities of silver nanoparticles synthesized from Mikania micrantha and Acmella
ciliata leaf extract against type-II human lung adenocarcinoma (A549) cells. Our study
demonstrates the cytotoxic effects of AgNPs on human lung adenocarcinoma A549
cells by targeting the apoptotic pathway, which is the preferred cell death pathway for
any novel drug candidate.

Chapter 3. Synthesis and characterization of silver nanoparticles using Mikania
micrantha and Acmella ciliata leaf extract.

Nanotechnology associated with metal nanoparticles emerges as a rapidly growing
field in the realm of science and technology, principally in biomedical sciences due to
its unique optical catalytic, electronic, magnetic and thermal characteristics. The
utilization of biological sources for silver nanoparticles (AgNPs) synthesis suggests a
simple, environmentally friendly, and alternative approach to traditional chemical
synthesis methods. Plant extracts are more effective for nanoparticles synthesis than
other biological methods because they eliminate the complex cell culture process and
allow for large-scale AgNPs production. Despite its invasive nature, Mikania
micrantha and Acmella ciliata serves as an accumulation for a multitude of
compounds that possess therapeutic potential. This study describes the synthesis of
AgNPs using aqueous leaf extract of Mikania micrantha and Acmella ciliata. Different
analytical techniques were employed to evaluate the characteristics of nanoparticles.
AgNPs were synthesized through the reaction of silver nitrate (AgNO3) solution with
the leaf extract of these two invasive plants, which served as a reducing agent as well
as stabilizing agent. The formation of AgNPs was first confirmed by visual
observation. UV-vis spectroscopy reveals the surface plasmon resonating property of
AgNPs. Fourier Transform Infra-Red Spectroscopy (FT-IR) spectrum analysis was

used to investigate the possible functional groups involved in the synthesis of AgNPs.
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The crystalline metallic AgNPs was examined by X-ray diffraction analysis (XRD).
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)
were employed to study the morphology of biosynthesized AgNPs. The synthesis of
AgNPs was confirmed using UV-Vis spectrum that exhibited an absorption band at
459 nm in Mikania micrantha silver nanoparticles (MNP) and 430 nm in Acmella
ciliata silver nanoparticles (ANP), respectively. The bioactive compounds of leaves
extract that functioned as reducing and capping agents were confirmed by a shift in
the absorption bands in FT-IR. SEM and TEM studies validated the spherical shape
and size of AgNPs. The average size of the MNP and ANP is 23.9 nm and 6.702 nm,
respectively. Energy dispersive spectroscopy (EDS) analysis revealed the presence of
elemental silver in the biosynthesized AgNPs. The crystalline nature of the
biosynthesized AgNPs was confirmed by the XRD analysis.

Chapter 4. Free radical scavenging activities of Mikania micrantha silver
nanoparticles (MNP) and Acmella ciliata silver nanoparticles (ANP) (in-vitro and
ex-vivo).

The overproduction of free radicals and reactive oxygen species (ROS) in living
organisms due to metabolic activity can result in oxidative damage to biomolecules
including lipids, proteins, and DNA, which can lead to various diseases, including
cancer. Antioxidants mitigate oxidative stress by neutralizing the detrimental impact
of ROS, indicating their potential efficacy in oxidative stress-related diseases. This
study aims to evaluate the antioxidative potential, ferric reducing power, and free
radical scavenging activity of AgNPs synthesized using aqueous leaf extracts of
Mikania micrantha and Acmella ciliata under both in vitro and ex vivo conditions.
DPPH (1,1-diphenyl-2-picrylhydrazyl), O2 - (superoxide anions), and ABTS (2, 2’-
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) scavenging activities of various
concentration of MNP and ANP were determined in a cell-free system using standard
protocols. Different concentration of AgNPs inhibited the generation of DPPH, O2 -
and ABTS radicals in a concentration-dependent manner. The scavenging activities of
MNP against DPPH (ICso: 4.90 + 0.31 pg/ml), ABTS " (ICs0: 16.27 + 0.62 pg/ml) and
02" (ICso: 13.33 + 0.38 pg/ml) were found to be significantly higher than M.
Micrantha extract (ICso: 991.86 + 11.30 pg/ml for DPPH; 1256.67 + 9.53 pg/ml for



ABTS™™; 2713.67 + 89.99 pg/ml for O»*). Similarly, the scavenging activities of ANP
against DPPH (ICso: 3.85 £ 0.04 pg/mL), ABTS *(ICso: 14.62 £ 0.10 pg/mL) and O,*
(ICs0: 16.13 £0.11 pg/mL) were found to be significantly higher than A. ciliata extract
(ICso: 474.0 & 8.80 pug/mL for DPPH; 1409.33 = 17.8 pg/mL for ABTS ; 6156.33 +
15.23 ug/mL for O,*). The ability of AgNPs to convert ferric (Fe*") into ferrous (Fe*")
was used to determine their reducing power and the reducing activity of AgNPs
increased in a dose-dependent manner. The biosynthesized AgNPs also showed
significant inhibitory activities against erythrocyte hemolysis and lipid peroxidation
in the liver homogenate. The anti-haemolytic activity of MNP and ANP were 61.7 %
and 64.07 %, respectively. The ANP was found to possess higher inhibitory activity
against lipid peroxidation with 84.2 % inhibition than MNP (79.9 %). Our study shows
that AgNPs have a significant ability to scavenge free radicals and act as antioxidants,

suggesting their potential application in biological therapy.

Chapter 5. Antioxidant-mediated ameliorative of Acmella ciliata silver
nanoparticles activity against doxorubicin-induced toxicity in Dalton’s
Lymphoma Ascites (DLA) bearing mice.

Doxorubicin (DOX) is a widely used chemotherapeutic drug for the treatment of
several forms of cancer, such as leukaemia, lymphomas, and solid tumors. The
cumulative dose-dependent effect of doxorubicin, leading to organ toxicity such as
cardiotoxicity and hepatotoxicity, has diminished its therapeutic efficacy, thereby
restricting its prolonged administration in chemotherapy. Hence, the adverse effects
of doxorubicin in cancer therapy are widely recognized. To compensate for the
reduction in antioxidant levels caused by DOX treatment, the administration of
external antioxidants could be an effective strategy for preventing DOX-induced
toxicity. This study demonstrated that biosynthesized sliver nanoparticles offer
protection against cardio- and hepatotoxicity induced by DOX in Dalton’s Lymphoma
Ascites (DLA) bearing mice. Treatment of Dalton’s Lymphoma Ascites (DLA) mice
with 20 mg/kg of DOX significantly increased the activities of serum toxicity markers
including aspartate amino-transferase (AST), alanine amino-transferase (ALT) and
lactate dehydrogenase (LDH). However, compared to DOX alone treatment, the co-
administration of DOX and AgNPs reduced AST, ALT, and LDH activities. DOX



alone treatment reduced glutathione (GSH) contents and decreased the activities of
glutathione-s-transferase (GST) and superoxide dismutase (SOD) in DLA mice.
However, co-administration of AgNPs to DOX-treated DLA mice increased GSH
content, and the activities of GST and SOD. Administration of AgNPs provides
protection against DOX-induced cellular lipid peroxidation, potentially suppressing
lipid peroxidation chain reactions within the cytoplasm. Our results thus suggest that
the protective role of AgNPs in DOX-induced toxicity could be an attribute of the
antioxidant properties conferred by the high phenolic and flavonoid contents as well

as their unique physio-chemical characteristics.

Chapter 6. Anti-microbial activity of Mikania micrantha and Acmella ciliata silver
nanoparticles.

The emergence and dissemination of drug-resistant pathogens that have developed
novel resistance mechanisms have rendered antimicrobial resistance a significant
concern in the successful detection and management of infectious diseases. As a result,
the development of a novel potent antimicrobial agent is imperative given the growing
concern about multidrug-resistant pathogens. Silver nanoparticles (AgNPs) are widely
recognized for their strong antibacterial activity against a range of pathogens,
including bacteria, viruses, and fungi, owing to their small size and large surface area.
This study aims to assess the antibacterial activity of green-synthesised AgNPs against
pathogenic bacteria using the disk diffusion method, minimum inhibitory
concentration (MIC), and minimum bactericidal concentration test (MBC). Further,
the potency and efficacy of AgNPs against rice pathogens were evaluated. AgNPs
showed significant antibacterial activity as indicated by the formation of inhibition
zone. The antibacterial activity of AgNPs at a concentration of 10 pg/ml was
comparable to that of standard antibiotics. A lower minimum inhibitory concentration
(MIC) for tested bacterial strains indicates higher inhibition activity and the results
show that the MBC was 2-fold higher than the MIC. Morphological and molecular
characterization was performed to identified the fungal isolate. The synthesized silver
nanoparticles exhibited prominent antifungal activity against fungal pathogen,
Curvularia pseudobrachyspora. The biosynthesized silver nanoparticles exhibit a

notable inhibitory effect on the growth of Curvularia pseudobrachyspora colonies and



exerted destructive effects on mycelial morphology, which became expanded and
distorted. The gradual increase in AgNPs resulted in an increasingly significant
inhibition of mycelia growth, indicating a consistent pattern of biomass reduction.
Therefore, silver nanoparticles can be utilized as an effective fungistatic agent to aid
in the reduction or substitution of chemical pesticides. Our study showed that the
biosynthesized AgNPs exhibited exceptional antimicrobial efficacy at very low
concentrations, suggesting their potential use as an innovative nanoproduct in

biomedical and agricultural fields.

7. Cytotoxicity and anti-cancer activities of Mikania micrantha and Acmella
ciliata silver nanoparticles against type-I1I human lung adenocarcinoma (A549)
cells.

Cancer has emerged as the leading cause of death globally, with lung cancer
accounting for the majority of cancer-related death. The lack of early detection, non-
specific systemic medication distribution, lipophilic chemistry, and high first-pass
metabolism of chemotherapeutic drugs limit cancer treatment and prognosis. Due to
their cancer-specific targeting, reduced adverse reactions, and substantial anti-cancer
properties, nanoparticles serve as potential candidates for future therapeutics. Metal
nanoparticles, particularly silver nanoparticles, are an emergent new class that has
significant potential in the field of cancer biology. The purpose of this study was to
evaluate the cytotoxic and anti-cancer properties of silver nanoparticles (AgNPs) on
A549 cells, a type of human lung adenocarcinoma. AgNPs were assessed for their
cytotoxicity using the MTT assay, and their effect on the reproductive viability of
A549 cells was determined using the clonogenic assay. The specific type of cell death
and the accompanying morphological alterations caused by AgNPs were confirmed
by using AO/EB dual staining methods. The genotoxic effect and the
antioxidant/oxidant status were assessed via comet and biochemical assays,
respectively. The enzymatic activity of caspase 3/6 and the levels of expression of pro-
apoptotic and anti-apoptotic genes were assessed in A549 cells that were treated with
AgNPs for 24 h. AgNPs effectively induced cytotoxicity and prevented A549 cell
colony formation in a dose-dependent manner. Treatment of A549 cells with AgNPs

also increased DNA damage, which was coupled with elevated lipid peroxidation and



decreased antioxidant enzymes such as glutathione (GSH), glutathione-s-transferase
(GST), and superoxide dismutase (SOD). Following AgNPs treatment, the mRNA
expression levels of the pro-apoptotic genes as well as the activities of caspases were
significantly elevated in A549 cells while the expression levels of anti-apoptotic genes
were downregulated. Our study demonstrates the potential of the synthesized AgNPs
for cancer therapy possibly targeting the apoptotic pathway.
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