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ABSTRACT

Antibacterial effects of biogenic silver nanoparticles synthesized using Manihot esculenta
(cassava) leaf aqueous extract

T.C.A. Oliver
MSc Thesis, Department of Biotechnology, University of the Western Cape

Antimicrobial resistance (AMR) is a growing global health concern that poses a serious threat to
the health of humans, animals, and plants. The major public health problem of AMR is primarily
caused by the incorrect use of antibiotics, which is further compounded by the reduced novel
antibiotics discovery rate. AMR bacteria cause infections that are difficult to treat, resulting in
prolonged hospital stays and increased healthcare costs. Moreover, AMR is associated with a high
risk of morbidity and mortality. Current therapeutic strategies for AMR infections are often
inefficacious, associated with side effects, and may further exacerbate AMR. Therefore, there is

an urgent need to develop alternative strategies to treat AMR bacterial infections.

Nanotechnology has the potential to eradicate the burden of AMR by providing alternative novel
or improved therapeutic strategies for AMR infections. Silver nanoparticles (AgNPs) have been
shown to exhibit antimicrobial properties which aid in the prevention and treatment of infections.
The green synthesis of AgNPs is beneficial and preferred over physical and chemical synthesis
methods as it employs sustainable green chemistry principles, makes use of bioactive molecules
with medicinal properties, is cost-effective, energy-efficient, and environmentally friendly.
Previous literature has shown that Manihot esculenta (cassava) leaf extracts possess antimicrobial
properties and can be used for AgNPs synthesis. In South Africa (SA), cassava leaves are an
agricultural waste by-product of industrial starch production, which enables the utilization of
cassava leaves in waste upcycling. This study reports on the green synthesis and characterization
of AgNPs synthesized using an aqueous cassava leaf extract (CLE) and the antibacterial effects of
the CLE-AgNPs against AMR pathogens, such as Staphylococcus aureus, Methicillin-resistant
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Acinetobacter baumannii, and

Pseudomonas aeruginosa.
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AgNPs synthesis conditions (i.e., pH, temperature, CLE concentration, and silver nitrate (AgNO3)
concentration) were optimized to obtain AgNPs with desirable physicochemical properties. CLE-
AgNPs were successfully synthesized and characterized using Ultraviolet-visible (UV-vis)
Spectroscopy, Dynamic Light Scattering (DLS), High-Resolution Transmission Electron
Microscopy (HR-TEM), and Fourier-Transform Infrared (FTIR) Spectroscopy. The in vitro
antibacterial effect of CLE-AgNPs was assessed by agar well diffusion, microdilution assay to
obtain the minimum inhibitory concentration (MIC), and minimum bactericidal concentration
(MBC).

The CLE-AgNPs had a surface plasmon resonance at 432 nm, a hydrodynamic diameter of 91.5 +
50.82 nm, and an average core size of 16.11 + 10.6 nm. The CLE-AgNPs had a PDI of 0.52 +
0.014 and a C-potential of — 21.7 £ 11.3 mV. The CLE-AgNPs were anisotropic and relatively
polydispersed, with most CLE-AgNPs being spherical. The functional groups of the
phytochemicals present in the CLE were identified and confirmed to be involved in the reduction
and capping of the CLE-AgNPs. The CLE-AgNPs displayed significant dose-dependent inhibitory
activity against all the bacterial strains tested. The CLE-AgNPs also displayed bactericidal activity
against all the bacterial strains tested. Moreover, the ability of CLE to synthesize biogenic AgNPs
with exceptional antibacterial activity is exhibited. Therefore, CLE-AgNPs may serve as a novel
antibacterial agent to aid in the prevention and treatment of AMR infections, and ultimately, in the
eradication of AMR pathogens globally. In conclusion, the results presented in this study
demonstrated that the upcycling of cassava biowaste through valorisation and use in the

manufacturing of new high-value products is achievable.
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CHAPTER 1: LITERATURE REVIEW

1.1. Introduction

Recently, several infections that were under control are now reappearing and new infectious
diseases (IDs) are emerging (Khémiri et al., 2019). The rapid emergence of IDs poses a serious
threat to global public health. Approximately 17 million people have been killed by IDs worldwide
with bacterial infections being the leading cause of mortalities (Cano et al., 2020; Patil and
Chandrasekaran, 2020; Yeh et al., 2020; Zhang et al., 2020b). It is imperative to prevent infection
or decrease the duration of already existing bacterial infections as it may result in life-threatening
consequences such as sepsis. The prevention of the development of sepsis is important as it may
lead to death (Azeltine et al., 2020). Approximately, 5-15% of patients admitted to the hospital are
impacted by one or more bacterial infections (Urzedo et al., 2020). Bacterial infections lead to
increased healthcare costs and place immense pressure on healthcare systems due to prolonged
hospital stays, treatment failures, the persistence of infections, and delayed healing of wounds
which often lead to amputation and increased levels of morbidity and mortality (Chinnasamy et
al., 2021; Kalantari et al., 2020). The threat of bacterial infections to global health is exacerbated
by the emergence and spread of multi-drug resistant (MDR) bacteria due to antimicrobial
resistance (AMR) (World Health Organization, 2021).

According to the U.S. Centers for Disease Control and Prevention (CDC), AMR is a naturally
occurring process that occurs when microorganisms “develop the ability to defeat the drugs that
are designed to kill them” (Centers for Disease Control and Prevention, 2022a). AMR has been
declared by the World Health Organization (WHO) as “one of the top 10 global public threats
facing humanity” and is generally regarded by all stakeholders as a ‘One Health’ issue because
humans, animals, plants, and the environment are all impacted by it (Velazquez-Meza et al., 2022;
Krishnaetal., 2021). In 2019, 4.95 million deaths were linked to bacterial AMR with Sub-Saharan
Africa having the highest death rate globally (Murray et al., 2022). Projections by the CDC indicate
that more deaths will be attributed to AMR (10 million/year) than all types of cancers (8.2
million/year) by 2050 which will cost the global economy an estimated US$100 trillion (Cano et
al., 2020; Hu et al., 2020; Kalantari et al., 2020). Although AMR occurs naturally, the main reason
for the rise in AMR to drugs and the failure of available antimicrobial agents to treat infections is

the overprescribing and/ or misuse of antibiotics resulting in recalcitrant infections (Khémiri et al.,
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2019). Several reports have stated that the global coronavirus disease 2019 (COVID-19) pandemic
aggravated the spread of AMR as there was an escalation in the misuse of antibiotics (Moolla et
al., 2021).

AMR has primarily been found in multi-drug resistant (MDR) bacterial strains such as the
ESKAPE pathogens. The ESKAPE pathogens also known as “superbugs” have growing multidrug
resistance and virulence, are responsible for most nosocomial infections, and can “escape” the
killing action of antibacterial agents. ESKAPE stands for Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species (Bhatia et al., 2021; De Oliveira et al., 2020; Mulani et al., 2019). ESKAPE
pathogens are associated with the highest risk of morbidity and mortality (Founou et al., 2017).

Current therapeutic strategies available to treat AMR infections are often inefficacious, associated
with side effects, and may further exacerbate AMR. Therefore, there is an urgent need to develop
alternative strategies to battle rapidly evolving pathogens and existing bacterial infections
associated with AMR. ESKAPE pathogens are on the WHO list of MDR bacteria that require the
urgent development of new antibiotics (Bhatia et al., 2021). The WHQO advocates the use of
complementary and alternative medicine (CAM) which deals with the use of natural products
and/or their derivatives to treat various ilinesses (WHO, 2019). Approximately 80% of the global
population relies on CAM for the treatment of several diseases (Bhatia et al., 2021). The use of
CAM has also been found to be effective in the treatment of IDs (Nilashi et al., 2020). Although
CAM may be beneficial for the treatment of AMR infections, there are limitations associated with
the use of medicinal plant extracts and other naturally derived products such as poor oral
bioavailability due to inadequate solubility and limited permeability as a result of degradation in
the gastrointestinal tract. In addition, natural compounds may exhibit serious side effects such as
high fever, hypotension, chills, cardiac arrhythmias, and damage to major organs (Saka and Chella,
2021; Teoh and Das, 2018).

Nanotechnology can eradicate the burden of AMR by providing alternative novel or improved
therapeutic strategies for AMR infections. Nanotechnology refers to the manipulation of particles
on an atomic and molecular level for the design, manufacture, and application of new
(nano)materials (Lozano, 2022; Agarwal et al., 2021; Gour and Jain, 2019; Rafique et al., 2017).

Nanomaterials are tiny particles with a range of diameter between 1 and 100 nanometres (nm).
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The physicochemical and structural properties of nanomaterials differ from those of atoms,
molecules, and bulk counterparts making them ideal candidates for biomedical applications
(Joudeh and Linke, 2022; Okkeh et al., 2021; Srikar et al., 2016; Guisbiers et al., 2012). Noble
metals have received great attention as they can provide NPs with appealing characteristics
(Rafique et al., 2017). Silver nanoparticles (AgNPs) possess excellent chemical stability, high
electrical and thermal conductivity, catalytic activity, non-linear optical behaviour, and biological
properties that make them attractive for applications within the nanobiotechnology field (Skéra et
al., 2021; Parveen et al., 2016).

AgNPs have been shown to exhibit antimicrobial properties which aid in the prevention and
treatment of AMR infections. The green synthesis of AgNPs is beneficial and preferred over
physical and chemical methods as it employs sustainable green chemistry principles, makes use of
biologically active compounds with medicinal properties, is cost-effective, energy-efficient, and
environmentally friendly. Biologically active compounds found in plant extracts also referred to
as phytochemicals act as reducing and stabilizing agents in the formation of NPs (Soltys et al.,
2021; Bhardwaj et al., 2020; Rigo et al., 2013). The medicinal properties of the biologically active
compounds can also be introduced to the NPs resulting in enhanced biological activities
(Gnanajobitha et al., 2013). Previous literature has shown that the leaf extracts of Manihot
esculenta (cassava) possess antimicrobial properties and can facilitate AgNPs synthesis. In South
Africa (SA), cassava leaves are an agricultural waste by-product of industrial starch production
which enables the utilization of cassava leaves in waste upcycling. The proper management of
cassava biowaste can alleviate the burden of environmental pollution and lead to environmental,
human health, and socio-economic benefits (Hadzi-Nikolova et al., 2021; Oghenejoboh et al.,
2021; Ghimire et al., 2015). Furthermore, the management of biowaste plays a key role in ensuring

the sustainability of the bioeconomy (Ortega et al., 2022).

Green silver nanotechnology can revolutionize the field of AMR by providing alternative novel or
improved therapeutic strategies that are promising, cost-effective, and environmentally safe.
Biogenic AgNPs with antibacterial efficacy may be employed as a promising alternative strategy
to currently available treatments for antibiotic-resistant infections associated with AMR.
Therefore, this study will focus on the green synthesis and characterization of AgNPs synthesized
using an aqueous cassava leaf extract (CLE) and the antibacterial effects of the CLE-AgNPs
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against six human pathogenic bacteria associated with AMR such as S. aureus, MRSA, E. coli, P.

aeruginosa, K. pneumoniae, and A. baumannii.

1.2. Human bacterial infections

The rapid emergence of infectious diseases is a global health crisis that continues to negatively
affect millions of humans, animals, plants, and the environment. Infectious diseases (IDs) are
caused by bacteria, viruses, fungi, and parasites. Approximately 17 million people have been killed
by IDs worldwide with bacterial infections being the leading cause of mortalities in children, the
elderly and, immunocompromised individuals (Cano et al., 2020; Patil and Chandrasekaran, 2020;
Yeh et al., 2020; Zhang et al., 2020b). Pathogenic bacteria on the surface of the organism or inside
the organism is the causative agent of bacterial infections, which leads to the dysfunction or death
of cells, tissues, and organs by the production of toxins or other metabolic substances (Hu et al.,
2020). Bacteria are the oldest forms of life tracing back to over 3.5 billion years ago (Mubeen et
al., 2021). Bacteria were also the first living organisms found on Earth and have adapted over time
(Sanchez-Lopez et al., 2020).

Human bacterial infections represent a serious public health risk. The most severe bacterial
infections are tuberculosis, diarrhoea, meningitis, pneumonia, sexually transmitted diseases, and
nosocomial infections (Cano et al., 2020). Bacterial infections are of great concern as 5-15% of
admitted hospital patients will be affected one or more infections (Urzedo et al., 2020). Even
though the human body lives with its own microbiota in an advantageous symbiosis, several
pathogenic bacterial strains can infect and colonize the human body resulting in serious diseases
(Cano et al., 2020). Transmission of bacteria to humans can occur through food, water, air, or
living vectors. Bacteria may infect any organ in the human body; however, each bacterial species
has a predilection for a particular organ. Moreover, certain organs are generally more susceptible
to being infected by bacteria (Figure 1.1) (Cano et al., 2020).
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Figure 1.1: A schematic diagram displaying the organs which are more susceptible to being
infected by bacteria (Adapted from Cano et al., 2020).

The WHO report also highlighted that sepsis is commonly caused by nosocomial infections.
Approximately 49% of intensive care unit patients with sepsis acquired the infection during their
hospitalization. It was estimated that roughly 27% of sepsis patients hospitalized and 42% of
people in intensive care units will die due to the complications associated with the illness (World
Health Organization, 2020). However, survivors of sepsis are not out of danger as half of them
will either die within one year or be left with the burden of long-term disabilities (World Health
Organization, 2020).

Bacterial infections increase medical costs and place immense pressure on healthcare systems due
to long stays in hospitals, treatment failures, the persistence of infections, and delayed healing of
wounds often leading to amputation and increased mortality (Kalantari et al., 2020). The high
susceptibility of wounds to microbial infection exacerbates the public health concern of antibiotic-

resistant infections and is the main reason for death relating to burns and diabetic wounds
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(Kalantari et al., 2020). Burns are most susceptible to infections, severe sepsis, and multiple organ
failure due to the loss of the innate barrier constituted by the skin layer and a weakened immune
system caused by a systemic inflammatory response triggered by the damaged skin tissue.
Increases in the length of hospitalization and invasive medical procedures used in the treatment of
wounds and diagnosis of bacterial infections put wound patients at high risk of developing
nosocomial infections (Mulder et al., 2022; Moins-Teisserenc et al., 2021; Azimi et al., 2011).
Moreover, diabetic wounds usually do not heal quickly due to hyperglycaemia (i.e., high glucose
levels in the blood) which causes dysfunction of the immune system resulting in the body’s
inability to repair itself (Rodriguez-Rodriguez et al., 2022; Spampinato et al., 2020). Both the
innate and adaptive immune systems are disrupted by hyperglycaemia making diabetic patients
more prone to developing infections (Rodriguez-Rodriguez et al., 2022). Other complications
associated with diabetes mellitus (DM), such as peripheral nerve damage and poor blood
circulation, also play a role in the delayed healing of wounds and increase their susceptibility to
infection (Spampinato et al., 2020). Due to the complications associated with DM, diabetics have
a 15-25% risk of developing diabetic foot ulcers (DFUs) in their lifetime. Severe DFUs can lead
to osteomyelitis which may develop in 20% of diabetic foot infections. Patients with DFUs often
require hospitalization, long-term antibiotic therapy, and surgical intervention with amputation of
the body part where the infection is localized (Spampinato et al., 2020; Geraghty and Laporta,
2019).

1.2.1 Antimicrobial resistance (AMR)

Another increasing threat to global health is the emergence of antimicrobial resistance (AMR)
along with a reduced drug discovery rate of novel antibiotics (Azeltine et al., 2020; Boateng and
Catanzano, 2020). The discovery of antibiotics to treat infectious diseases had a remarkable impact
on human and animal health (Kumar et al., 2021a). The first treatment for an ID was Salvarsan
which was capable of curing syphilis without any toxicity to humans. However, it was the
accidental discovery of penicillin in 1928 by Alexander Fleming that truly sparked the dawn of
the antibiotics research era (Sanchez-Lépez et al., 2020). Penicillin has been coined as the wonder
drug as it has played a key role in the tremendous development of modern medicine (Mulani et al.,
2019). Research of antibiotics reached its peak between the 1950s and 1960s, a period commonly
referred to as the “golden age” (Sanchez-Lopez et al., 2020). Since the beginning of the 1990s, the
rate of discovery, development, and commercialization of novel antibiotics has been reduced. Only
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11 new antibacterial agents were approved by the U.S. Food and Drug Administration (FDA)
between 2017 and 2019 (De Oliveira et al., 2020).

In 2013, the WHO declared that a tipping point has been reached for the global community, where
we find ourselves entering a “post-antibiotic era” (Hu et al., 2020). According to the U.S. CDC,
AMR is a naturally occurring process that occurs when microorganisms “develop the ability to
defeat the drugs that are designed to kill them” (Centers for Disease Control and Prevention,
2022a). AMR is caused by evolutionary processes happening during antibiotic treatment such as
spontaneous modifications in the genetic material of bacteria (e.g., genetic mutation and horizontal
gene transfer through chromosomes, plasmids, transposons, and other mobile genetic elements)
and the development of molecular mechanisms that prevent the action of the antimicrobial agents.
Resistant bacteria survive and pass this trait to future generations. AMR is found in both gram-

positive and gram-negative bacteria (Bhatia et al., 2021; Urzedo et al., 2020; Konop et al., 2016).

The CDC and WHO have classified pathogens that have developed AMR as an imminent threat to
human health (De Oliveira et al., 2020). AMR has been declared by the WHO as “one of the top
10 global public threats facing humanity” and is generally regarded by all stakeholders as a ‘One
Health’ issue because humans, animals, plants, and the environment are all impacted by it
(Velazquez-Meza et al., 2022; Krishna et al., 2021). The findings of a comprehensive study
undertaken to investigate the global burden of AMR in 2019 were recently published in The Lancet
and revealed that 4.95 million deaths were linked to bacterial AMR with more than a quarter of
the total deaths (1.27 million) being directly caused by AMR. It was also reported that Sub-Saharan
Africa had the highest death rate caused by antibiotic-resistant infections globally (27.3 deaths per
100 000) with Australasia having the lowest death rate (6.5 deaths per 100 000). An estimated 1.5
million deaths were attributable to lower respiratory infections associated with AMR making it the
most burdensome infection (Murray et al., 2022). Projections by the CDC indicate that more deaths
will be attributed to AMR (10 million/year) than all types of cancers (8.2 million/year) by 2050
(Hu et al., 2020; Kalantari et al., 2020).

According to the WHO, the number of mortalities caused by AMR worldwide rose from 50 000
in 2010 to 700 000 in 2019 (Hu et al., 2020). It has also been projected that death as a direct result
of antibiotic-resistant infections will cost the global economy an estimated US$100 trillion by
2050 (Cano et al., 2020). In the USA, more than 2 million infections are linked to AMR with a
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death toll of 29 000 occurring each year, associated with a healthcare cost of approximately US$4.7
billion (De Oliveira et al., 2020; Centers for Disease Control and Prevention, 2019). In Europe,
over 33 000 deaths are linked to AMR infections accounting for US$1.5 billion in direct and
indirect costs (De Oliveira et al., 2020). It is evident that the cost of AMR to the economy is
substantial. There are many financial challenges faced by patients as their productivity or their
caretaker’s productivity is affected by the persistent illness as it often results in prolonged
hospitalization and requirements for more expensive medication and intensive care (World Health
Organization, 2021).

AMR organisms are microscopic creatures that can be found almost everywhere around the
environment, for example, in people, animals, plants, food, water, soil, and air. The transmission
of AMR organisms can occur between two people or between people and animals (Mubeen et al.,
2021; World Health Organization, 2021). The main reason for the rise in AMR to drugs and the
failure of available antimicrobial agents to treat infections is the overprescribing and/ or
indiscriminate use of antibiotics (Khémiri et al., 2019). Even though AMR occurs naturally in the
environment over time, usually through genetic changes, the misuse of antibiotics has resulted in
the selection for the presence of AMR genes which boosts the prevalence of AMR (World Health
Organization, 2021; De Oliveira et al., 2020). In the USA, over 47 million antibiotic courses are
prescribed annually for infections that do not require antibiotic treatment (Centers for Disease
Control and Prevention, 2022b). According to the CDC, the global COVID-19 pandemic
aggravated the spread of AMR. During the first year of the pandemic, nosocomial infections and
deaths linked to AMR both increased by approximately 15%. Moreover, there was an escalation
in the abuse and misuse of antibiotics as an increase in patients being hospitalized led to an increase
in antibiotics usage. Upon admission, antibiotics were administered to patients to treat any
secondary infections of bacterial origin even though there was no clear diagnosis of coinfections.
Recent studies have shown that many COVID-19 patients did not need antibiotics because
coinfections were uncommon in patients at the time of admission with only 3-14% of patients
having an early bacterial coinfection or superinfection (Moolla et al., 2021). Late nosocomial
infections (roughly two days after admission) were more prevalent than early community-acquired
infections and were linked to intubation, length of hospitalization, and mortality (Kumar et al.,
2021a). There was no benefit to the early administration of antibiotics strategy, however, the risks
associated with the incorrect use of antibiotics are well documented. The early administration of
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antibiotic therapy should be avoided while strategies to prevent coinfections and outbreaks in
hospitals should be adhered to (Moolla et al., 2021).

Along with the persistent misuse of antibiotics, self-medication, and exposure to infections in
hospital settings has exacerbated the emergence of MDR bacteria which is responsible for 15.5%
of hospital-acquired infections globally (Kumar et al., 2021a; Mulani et al., 2019). Moreover, it
has also been reported that the increasing prevalence of infectious diseases; poor public health
conditions, lack of access to clean water, sanitation, and hygiene for humans and animals; poor
access to quality, affordable medication, vaccines, and diagnostics; inadequate prevention and
control of infection and disease in the healthcare and agricultural sectors; lack of awareness and
knowledge about MDR bacteria and the consequences of overuse of antibiotics: and lack of
enforcement of legislation helps towards the spread of AMR (Kumar et al., 2021a; World Health
Organization, 2021).

1.2.1.1 ESKAPE pathogens

For a long period of time, antibiotic resistance was overlooked, and it was the detection of bacteria
carrying extended spectrum b-lactamases (ESBL) imparting resistance to penicillins and
cephalosporins, extensively drug-resistant (XDR) Mycobacterium tuberculosis, and MDR
Acinetobacter baumannii, Enterobacteriaceae, Neisseria gonorrhoeae, and Pseudomonas
aeruginosa that caught the attention of the global scientific community (Kumar et al., 2021a). In
2017, the WHO made it a precedence to focus on the research, discovery, and development of new
and effective antibiotics and published a global priority list of pathogens for which new
antibacterial development is required with urgency (Pinto et al., 2020; Tacconelli, 2017). The list
consists of 12 different bacterial species which have been categorized into three groups according
to their level of resistance, namely critical, high, and medium. The critical species are A. baumannii
and P. aeruginosa, which are both carbapenem-resistant, and Enterobacteriaceae (including K.
pneumoniae, E. coli, Enterobacter spp., Serratia spp., Proteus spp., and Providencia spp.,
Morganella spp.) which are resistant to carbapenem and third generation cephalosporin (Pinto et
al., 2020). In the broad list of pathogens, ESKAPE pathogens also known as “superbugs” were
designated “priority status.” ESKAPE is an acronym representing the following microorganisms:
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, and Enterobacter species (Bhatia et al., 2021; De Oliveira et al., 2020;
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Pinto et al., 2020; Tacconelli, 2017). A schematic diagram of the ESKAPE pathogens and their
morphological characteristics is displayed in Figure 1.2 (Sinclair, 2016). These six pathogens have
growing MDR and virulence, are responsible for most nosocomial infections, and can “escape”
the killing action of antibacterial agents. Curiously, this acronym also references the ability of
these microorganisms to escape the effects of commonly used antibiotics through evolutionarily
developed mechanisms (Mulani et al., 2019). ESKAPE pathogens are associated with the highest
risk of mortality and morbidity leading to greater economic costs across the world, particularly in

low- and middle-income countries (LMICs) (Kumar et al., 2021a; Mulani et al., 2019; Founou et
al., 2017).

Figure 1.2: Schematic diagram depicting the ESKAPE pathogens and their morphological
characteristics (Adapted from Sinclair, 2016).

ESKAPE pathogens have been able to develop resistance mechanisms due to genetic mutations
and the acquisition of maobile genetic elements. Some of the antibiotics that ESKAPE pathogens
have resistance against include oxazolidinones, lipopeptides, macrolides, fluoroquinolones,
tetracyclines, B-lactams, B-lactam-f-lactamase inhibitor combinations, and last line of defence
antibiotics, such as carbapenems, glycopeptides, and clinically unfavourable polymyxins (De
Oliveira et al., 2020). Some mechanisms of resistance shown by ESKAPE pathogens are drug
inactivation commonly by an irreversible cleavage catalyzed by an enzyme, modification of the
target site where the antibiotic may bind, reduced accumulation of drug either due to reduced
permeability or by increased efflux of the drug, and the development of new cell processes that
avoid using the target of the antibiotic (Figure 1.3) (Centers for Disease Control and Prevention,
2022d; Santajit and Indrawattana, 2016).

The defence strategies used by bacteria and fungi to resist the effects of antibiotics or antifungals

are summarized in Table 1.1 (Centers for Disease Control and Prevention, 2022c). ESKAPE
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pathogens also form biofilms that physically prevent the host immune response cells and
antibiotics from inhibiting the pathogen. Biofilms are characterized by an enclosed environment
that has been created by microbial cells attaching to each other and producing an extracellular
polymeric substance (EPS) that forms a protective matrix (Wilkinson and Hardman, 2020; Zhang
etal., 2020b; Mihai et al., 2019). It is a significant mechanism of virulence used in the pathogenesis
of many medically important bacterial pathogens (Skoéra et al., 2021). Additionally, biofilms cause
persistent infection and aggravate the occurrence of AMR as they can protect persister cells, which
are specialized dormant cells that are tolerant to antibiotics, causing recalcitrant infections that are
difficult to treat (Zhang et al., 2020b; Mulani et al., 2019). All the bacteria listed in the WHO list
exhibit biofilm formation (Pinto et al., 2020).

cell processes that the antibiotics with by changing the
avoid using the || enzymes, proteins that entryways or limiting
antibiotic's target. break down the drug. the number of

' entryways.

Germs develop new || Germschange or destroy | ' Germs restrict access

Germs change the antibiotic’s target so Germs get rid of antibiotics
the drug can no longer fit and do its job. using pumps.

Figure 1.3: Various mechanisms of antibacterial resistance (Adapted from Centers for Disease
Control and Prevention, 2022c).
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Table 1.1: Defence strategies used by bacteria and fungi to resist the effects of antibacterial agents

(Adapted from Centers for Disease Control and Prevention, 2022c)

Resistance Mechanisms Description

Restrict access of the ~ Germs restrict access by changing the entryways or limiting the
antibiotic number of entryways.
Gram-negative bacteria have an outer layer (membrane) that protects
them from their environment. These bacteria can use this membrane

to selectively keep antibiotic drugs from entering.

Get rid of the Germs get rid of antibiotics using pumps in their cell walls to
antibiotic or remove antibiotic drugs that enter the cell.
antifungal Some P. aeruginosa bacteria can produce pumps to get rid of several

different important antibiotic drugs, including fluoroguinolones, -
lactams, chloramphenicol, and trimethoprim.
Change or destroy the = Germs change or destroy the antibiotics with enzymes, and
antibiotic proteins that break down the drug.
K. pneumoniae bacteria produce enzymes called carbapenemases,
which break down carbapenem drugs and most other p-lactam drugs.
Change the targets for Many antibiotic drugs are designed to single out and destroy
the antibiotic or specific parts (or targets) of a bacterium. Germs change the
antifungal antibiotic’s target so the drug can no longer fit and do its job.
E. coli bacteria with the mcr-1 gene can add a compound to the
outside of the cell wall so that the drug colistin cannot latch onto it.
Bypass the effects of Germs develop new cell processes that avoid using the
the antibiotic antibiotic’s target.

Some S. aureus bacteria can bypass the drug effects of trimethoprim.

12
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Even though E. coli has not been formally recognized as part of the ESKAPE pathogens group,
AMR E. coli has been identified as a major cause of bloodstream and urinary tract infection (UTI)
in both community and nosocomial settings across the globe, with E. coli UTI frequently
manifesting into sepsis. E. coli typically acquire resistance genes from members of the
Enterobacterales family through horizontal gene transfer. It is the most prevalent gram-negative
bacterial species isolated from both blood and urine samples in Australia (De Oliveira et al., 2020).
E. coli is a common causative agent of infections in surgical wounds, particularly abdominal
operations where it is often found mixed with other gut bacteria. However, it can also be found in
other postoperative sites. It was previously reported that 46%, 25%, and 21% of E. coli isolates
from wound infections were resistant to ampicillin, tetracycline, and fluoroquinolones,
respectively (Alharbi et al., 2019). According to the WHO, E. coli resistance to fluoroguinolone
antibiotics is widespread. Fluoroguinolone antibiotics are used for the treatment of UTIs, and many
countries have reported that this treatment has become ineffective for more than half of patients
suffering from UTIs caused by E. coli (World Health Organization, 2021). AMR E. coli is
presently a major clinical burden negatively impacting both human and animal health. In order not
to worsen these challenges further, this pathogen needs to be classified as a critical public health

concern (De Oliveira et al., 2020).

Recently, several infections that were under control are now reappearing and new infectious
diseases are emerging. An_increase in pathogens, such as S. aureus, Enterococcus,
Enterobacteriaceae, and Candida albicans has been reported across the globe (Khémiri et al.,
2019). In 2019, E. coli, S. aureus, K. pneumoniae, Streptococcus pneumoniae, A. baumannii, and
P. aeruginosa, in that particular order, were the leading cause of death with an astonishing estimate
of 3.57 million people dying of AMR associated with these pathogens (Murray et al., 2022).
MRSA caused more than 100 000 deaths with MDR bacteria excluding XDR tuberculosis, third-
generation cephalosporin-resistant E. coli, carbapenem-resistant A. baumannii, fluoroguinolone-
resistant E. coli, carbapenem-resistant K. pneumoniae, and third-generation cephalosporin-
resistant K. pneumoniae each causing 50 000-100 000 deaths (Murray et al., 2022). Hospital-
acquired infections are among the deadliest of these AMR infections and new and improved

treatments are urgently required (Murray et al., 2022).
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It is crucial to gather information about the current magnitude of the burden of AMR, various
AMR trends in different geographical locations, and the leading pathogen-drug combinations that
contribute to AMR. If the burden of AMR is not addressed, many organisms that pose no serious
risk at present may become more lethal in the future through the spread of AMR (Murray et al.,
2022). Although AMR affects all people across the globe, the largest threat to human health is
posed in LMICs located in Sub-Saharan Africa and south Asia (Murray et al., 2022).

1.2.1.2 AMR: South African Perspective

In SA, there is an increasing burden of IDs mainly of bacterial origin. In a surveillance report by
the National Department of Health Republic of South Africa (NDoH-RSA), the most recent
available information pertaining to AMR and antimicrobial use (AMU) compiled using data from
the National Health Laboratory Service (NHLS) highlighted the burden of ESKAPE bacteria
causing bloodstream infections (BSIs) in the public sector (NDoH-RSA, 2022). The total number
of blood culture samples tested was 3 610 401, 3 698 756 and 3 805 186 for 2018, 2019, and 2020,
respectively (NDoH-RSA, 2022). The increase in the total number of blood culture samples tested
indicated a rise in the prevalence of BSIs. Moreover, the percentage of ESKAPE organisms
identified from all positive blood culture samples was in the range of 40-41% between 2018 and
2020 (Figure 1.4). Interestingly, a previous report by the NDoH-RSA stated that ESKAPE
organisms accounted for 33% (n = 22 788) of all positive cultures of blood samples sent to the
NHLS from the public sector in 2017 (Chetty, 2021).

Between 2018 and 2020, the most common pathogens isolated from blood cultures from the public
sector were K. pneumoniae and S. aureus, followed by E. coli and A. baumannii (Figure 1.5). For
both the public and private sectors, K. pneumoniae was the most common organism isolated
followed by S. aureus, E. coli, P. aeruginosa, and A. baumannii (NDoH-RSA, 2022). Over the
past five years, the prevalence of AMR has increased in all ESKAPE organisms cultured by the
NHLS, however, AMR in MRSA has shown an unexpected decline from 23% to 18% (NDoH-
RSA, 2022).
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Figure 1.4: Graph displaying the burden of ESKAPE pathogens in the public sector for the period
of 2018 to 2020 (Adapted from NDoH-RSA, 2022).
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Figure 1.5: Graph displaying the percentage breakdown of ESKAPE pathogens in the public
sector for the period of 2018 to 2020 (Adapted from NDoH-RSA, 2022).
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Several factors have led to the spread of AMR across the globe, but the abuse of antibiotics is rife
in SA where there is an obvious lack of awareness and knowledge regarding AMU. In the most
current report on global human AMU compiled in 2015, it was reported that SA’s AMU was 9 177
DDD per 1000/population (Table 1.2) (NDoH-RSA, 2022). The AMU in SA was alarmingly
greater than the AMU in other BRICS countries but lower than what was seen in higher-income
countries (HICs) such as USA and Australia (Figure 1.6). Broad-spectrum antibiotics are 1.3-3.3
times more likely to be used in SA than in other BRICS countries. SA has 0.8 times higher broad-
spectrum AMU than the United Kingdom (UK) or the USA (Chetty, 2021). The real issue is that
if the burden of AMR is not urgently addressed in time, it will lead us back to the pre-antibiotic
era, where the common cold and minor cuts could be fatal. A potentially gloomy future awaits us,
where patients may die of untreatable bacterial infections, which were previously easily managed.
Therefore, novel strategies are necessary to tackle the problem of AMR (Hu et al., 2020).

Table 1.2: Global human AMU in SA compared to global levels (Adapted from NDoH-RSA, 2022).

Country AMU
(Defined Daily Dose (DDD) per 1000/population)
South Africa 9177
Brazil 6 763
Russia 6069
India 4 950
China 3060
USA 10 298
Canada 7078
Australia 11088
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Figure 1.6: Diagram displaying the global human AMU (Adapted from NDoH-RSA, 2022).

1.2.2 Current available treatment to treat AMR infections and their limitations

The current conventional therapy available for bacterial infections and their biofilms is antibiotic
therapy. The discovery of antibiotics was undeniably one of the most remarkable breakthroughs
for modern medicine, however, the conventional use of antibiotics for the treatment of bacterial
infections exhibits some limitations that cannot be ignored any longer. Limitations of available
antibiotic therapy include the well-described development of bacterial drug resistance, low
bioavailability, narrow antibacterial spectrum, limited infusion to the infection nidus, expensive
cost, and major side effects such as nausea, abdominal cramps, and destruction of the normal gut
microbiota (Patil and Chandrasekaran, 2020; Yeh et al., 2020; Zhang et al., 2020b; Pizzolato-
Cezar et al., 2019; Yang and Yang, 2019).

Conventional therapeutic strategies are often limited due to antibiotic drugs often accumulating
intracellularly, being transported out of the bacterial cells (drug efflux) using efflux pumps, and
being degraded by bacterial enzymes (e.g., proteases) (Selvarajan et al., 2020; Zhang et al., 2020D).
Moreover, when antibiotics are administered to a patient that does not need it, there is no benefit

for the patient and they are put at risk for side effects, such as allergic reactions, toxicity resulting
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in organ dysfunction, and the potential development of other serious illnesses. Studies have shown
that 20% of patients who receive antibiotic treatment have an adverse reaction (Centers for Disease
Control and Prevention, 2022c; Patil and Chandrasekaran, 2020). Merchant et al. (2018) reported
that the use of fluoroquinolones is linked to the development of fluoroquinolone-associated
disability (FQAD). The side effects of this antibiotic include damage to muscles and tendons,
neuropsychiatric disorders, and mitochondrial toxicity, therefore, extreme caution should be
practiced when using this antibiotic as only severe infections should be treated with it (Kumar et
al., 2021a; Merchant et al., 2018). Some clinicians administer high dosages of antibiotics and/or
increase the frequency of dosages to improve the efficacy of antibiotic treatment, however, this is
detrimental as it exacerbates the side effects and toxicity of antibiotic use and leads to the continued
development and spread of AMR (Hu et al., 2020; Nilashi et al., 2020).

The overuse of antibiotics may also lead to the overgrowth of the gut bacterium, Clostridium
difficile, causing C. difficile infection (CDI) due to the destruction of the normal gut microbiota
which usually provides protection along with the intestinal immune system (Yang and Yang,
2019). A study by Palleja and colleagues showed that the disrupted gut microbiota of half of the
healthy participants who were administered a four-day antibiotic (meropenem, gentamicin, and
vancomycin) returned to normal after six months but a few microbial species disappeared
permanently. This finding indicated that although antibiotics are able to cure infection, they are
also able to cause permanent damage to beneficial microorganisms which are usually found in the
gut (Yang and Yang, 2019; Palleja et al., 2018).

Certain antibiotic therapies are also inadequate for the safe and effective treatment of biofilms
(Zhang et al., 2020b). Infections caused by biofilms usually require highly penetrating antibiotics
in high doses to ensure that a sufficient concentration of antibiotics reaches the site of infection,
however, with the rise in bacterial resistance to antibiotics, the efficacy of antibiotics has
diminished (Zhang et al., 2020b). Studies have shown that combined antibiotic use has better
outcomes compared to single antibiotic use. Moreover, the efficacy of antibiotics may be improved
when combined with other medicines (Zhang et al., 2020b). Despite the risks involved with
antibiotic therapy, it remains the current gold standard practice and it cannot be denied that
antibiotics are still effective in most bacterial infection cases at present (Tache et al., 2022;
Agarwal et al., 2021; Hu et al., 2020). The proper use of antibiotics such as rational control and
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reduction of antibiotic dosages is essential to decrease the harmful impact of AMR and impede
AMR development (Hu et al., 2020). Newly developed antibiotics on the market such as
ozenoxacin, ceftobiprole, dalbavancin, telavancin, ceftaroline, besifloxacin, tedizolid,
omadacycline, oritavancin and delafloxacin are effective against MDR gram-positive bacteria,
however, AMR may be developed against them as well. Therefore, the use of non-antibiotic

therapies should rather be focused on (Kumar et al., 2021a; Koulenti et al., 2019).

The current alternative non-traditional therapy available for bacterial infections and their biofilms
is non-antibiotic therapy. The discovery and development of alternative non-antibiotic therapies
that are safe for humans, livestock, and the environment, and effective against AMR infections is
important (Kumar et al.,, 2021a). Non-antibiotic therapeutic strategies include chemical
modification of antibiotics, antimicrobial peptides or bacteriocins, bacteriophage therapy,
antimicrobial adjuvants, fecal microbiota transplant and competitive exclusion of pathogens
through genetically modified probiotics and postbiotics, phototherapy, cationic polymers,
nanomaterials and combinational therapy have been used in the fight against antibiotic resistance
(Ye and Chen, 2023; Hu et al., 2020; Yeh et al., 2020; Gebreyohannes et al., 2019). Other non-
traditional conventional therapies include quorum sensing (QS) system inhibitors, monoclonal
antibodies, immunomodulators, microbiome-based therapy, antibiotic potentiators, and antisense
nucleic acid approaches (Tache et al., 2022; Hu et al., 2020; Zhang et al., 2020b). Bacteriophages,
mutant and bioengineered lytic phages and lytic endolysins alone or in combined use with
antibiotics should be considered. Probiotics and phages are able to modify the microbiome to
defend against AMR pathogens (Kumar et al., 2021a). Moreover, another alternative strategy that
has been under extensive research is the enhancement of antibiotic therapy using various
approaches such as increased drug penetration into biofilms, physical destruction of biofilm’s EPS,
enzymatic degradation of EPS, suppression of QS, and destruction of specific structures of the

organism itself (Hu et al., 2020).

Silver products, such as silver nitrate and silver sulfadiazine, have also been extensively used for
the treatment of bacterial infections, especially those found in chronic wounds (Mihai et al., 2019).
Humankind has been utilizing metals, such as silver and copper, for ages because they exhibited
antimicrobial properties (Dawadi et al., 2021). The release of silver ions displays a potent
antibacterial effect making these silver products advantageous for application in AMR infections.
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The lysis of bacterial cells is caused by silver ions binding to thiol groups of peptidoglycans (Niska
et al., 2018). Additionally, silver ions block the respiratory enzyme pathways which lead to the
alteration of microbial DNA. Furthermore, silver compounds are efficacious MDR bacteria and
bacterial biofilms. On the other hand, tissue toxicity is a concern when making use of silver-
derived products (Mihai et al., 2019). Moreover, natural medicines, such as plant-based remedies
and herbal therapy, have also been used in the treatment of bacterial infections particularly in
combination with antibiotics and other conventional therapies to work in a synergistic manner.
Plant-based therapeutics possess antimicrobial and antibiofilm properties and can reduce the
symptoms associated with infections as they also possess anti-inflammatory, antipyretic, and
analgesic effects. Plant-based remedies used as an alternative to antibiotics are cost-effective,
readily available, relatively safe with fewer side effects, and can decrease AMR risks and adverse
effects associated with antibiotic use (Tache et al., 2022; Zhang et al., 2020Db).

Although, non-antibiotic therapy presents many benefits, they are also associated with limitations
which include the possibility of side effects such as nausea, sore throat, abdominal pain,
inflammation; the need for prolonged treatment, diagnostic specificity before use and infusion
reactions; complicated operation involving complex processes; expensive cost; and many therapies
still lack clinical validation (Zhang et al., 2020b; Yang and Yang, 2019). In addition, vaccines are
always the first strategy used in the prevention of I1Ds, however, there are no currently available
vaccines against ESKAPE pathogens as those which have been researched thus far have not passed

any clinical trials yet (Tache et al., 2022).

Prevention and adequate treatment of AMR infections along with improved accessibility to
effective antimicrobials is essential in order to reduce the number of people for whom treatment
of AMR infections does not work or who die of AMR infections. Medical procedures requiring
surgical measures will become riskier if there are no new interventions to eradicate AMR as
postoperative infections will continue to be a cause for concern (World Health Organization,
2021). Measures to improve the use of antibiotics, such as shorter periods of treatment, aligned
with the principles of antibiotic stewardship may aid in the preservation of existing antimicrobial
agents (Moolla et al., 2021; World Health Organization, 2021). However, existing treatment

strategies have not been able to win the fight against AMR infections and are often associated with
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many drawbacks, therefore, there is an urgency to develop novel antimicrobial agents to combat

bacterial infections and eliminate the burden of AMR.

1.3 Complementary and alternative medicine for AMR infections and its limitations
Complementary and alternative medicine (CAM) refers to any healthcare practice “that does not
fall within the realm of conventional medicine.” (Monika et al., 2022; Grossman et al., 2018). In
certain parts of the world, the terms ‘complementary medicine’ and ‘alternative medicine’ are used
interchangeably with ‘traditional medicine.” The principle of CAM is based on the traditional
knowledge of indigenous people and ancient communities that they have been using as healing
practices for many years (Monika et al., 2022). Practitioners of “modern” or “western” medicine
usually refer to traditional medicine using sceptical terms like “complementary,” “alternative,”
“indigenous,” and “non-conventional,” when the way “modern” medicine is practiced is not
entirely different to the way traditional medicine is practiced (Shedoeva et al., 2019). Before
modern or scientifically approved medicine, CAM was the only available option used to treat
various diseases and ailments globally (Monika et al., 2022). CAM deals with the use of natural
products and/or derivatives of natural products and has relatively good safety profile in comparison
to synthetic counterparts (Saka and Chella, 2021; Shedoeva et al., 2019). CAM depends almost
exclusively upon natural resources (e.g., plants, animals, minerals, and water). It is widely
practiced and valued across the world today with more than half of all available medicines being
provided by CAM. A previous study revealed that an estimated 73% of all existing
pharmaceuticals included natural product-derived ingredients (Shedoeva et al., 2019). The global
herbal remedies market value was estimated at US$62 billion in 2002 which rose to US$131.4
billion in 2018 (Jan et al., 2020). It is anticipated that the herbal drug market will grow to US$5
trillion by 2050 (Nilashi et al., 2020).

The use of natural products such as plant-derived extracts and/or derivatives of natural products
has received considerable interest from researchers (Monika et al., 2022). Phytotherapy refers to
a form of CAM that makes use of medicinal plants to treat various illnesses and chronic diseases.
Approximately 50,000 — 80,000 plant species are utilized for healthcare practices worldwide as
reported by the International Union for Conservation of Nature and the World Wildlife Fund
(Anand et al., 2017; Chen et al., 2016). Herbal medicines are an important part of therapy in

naturopathy and Ayurveda practices (Monika et al., 2022). Medicinally important plant materials
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and the herbal medicines derived from them form a significant part of the international medicinal
market (Sharma et al., 2021). Herbal remedies are made up of any part of the plant, herbs, mixtures
of herbal extracts and materials (i.e., tinctures), and purified herbal products that include an active
ingredient called phytochemicals. Phytochemicals are complex and structurally diverse
compounds that are naturally bioactive and, thus, have the potential to aid in the eradication of
AMR pathogens. The use of medicinal plants is useful in the fight against infections (Monika et
al., 2022; Sharma et al., 2021; Chouhan et al., 2017).

Throughout the history of humankind, phytotherapy has been used to cure diseases. For over 5000
years, ancient kingdoms such as the Egyptians and Romans, and indigenous people of Africa, Asia,
and the Americas, have used phytotherapy as first-line therapy. At present, there has been an
increase in the use of phytotherapy for the management and treatment of various diseases (Zhong
et al., 2022). According to the WHO, approximately 80% of the patient population across the
world relies on CAM for the treatment of several diseases (Bhatia et al., 2021). In the USA, 70%
of the population have used CAM at least once costing $34 billion annually (Nilashi et al., 2020).
It has been proven that certain plants have medicinal properties that are beneficial in the treatment
of various diseases (Zhong et al., 2022). Sharma and colleagues extensively reviewed a variety of
medicinal plants that were found to be effective in the treatment of a variety of illnesses (Sharma
et al., 2021). Turmeric (Curcuma longa (L.)), Centella (Centella asiatica), Aloe (Aloe vera), Bay
(Wedelia trilobata), Neem (Azadirachta indica) and Ginseng (Panax ginseng) are some medicinal
plants which can be used to treat and cure illnesses such as skin infections, inflammation, wounds,
ulcers, leprosy, scabies, and venereal disease (Sharma et al., 2021). The use of CAM has also been
found to be effective in the treatment of 1Ds (Nilashi et al., 2020). Moreover, to thwart bacterial
resistance to antibiotics, essential oils have commonly been used as alternate non-antibiotic
treatment (e.g., incorporation into wound dressings). Essential oils are aromatic oily liquids made
up of concentrated extracts (secondary plant metabolites) obtained from plant materials (leaves,
buds, fruits, flowers, herbs, twigs, bark, wood, roots, and seeds). Essential oils have significant
antiseptic, antibacterial, antiviral, antioxidant, anti-inflammatory, anti-parasitic, antifungal,
insecticidal, and regenerative properties. The phospholipid cell membrane of bacteria is destroyed
by essential oils leading to the disruption of cellular compartments through the imbalance of pH
and cytoplasm outburst. Essential oils may be considered an alternative treatment for AMR
infections because they do not cause antimicrobial resistance (Mihai et al., 2019; Chouhan et al.,

22

http://etd.uwc.ac.za/



2017; Orchard and van Vuuren, 2017). A total of 100 plants from 12 countries across Asia, Africa,
Europe, North America, and South America that have been proven to show antimicrobial activity
against ESKAPE pathogens during the period of 2006-2020 have been tabulated (Bhatia et al.,
2021)

Although phytotherapy may be beneficial for the treatment of AMR infections, there are
limitations associated with the use of medicinal plant extracts and other naturally derived products
(Teoh and Das, 2018). Plant extracts need to be consumed as crude extracts in high quantities to
be effective for treatment due to poor oral availability of extracts caused by inadequate solubility
and limited permeability. Different plant constituents are naturally pH-sensitive, may degrade in
the acidic environment of the gastrointestinal tract, and may be poorly absorbed by the intestine
resulting in undesirable outcomes of treatment or even prolonged treatment (Saka and Chella,
2021; Teoh and Das, 2018). In addition, natural compounds may exhibit serious side effects. An
anti-fungal antibiotic, amphotericin B, isolated from Streptomyces nodosus used to treat
meningitis, pneumonia, sepsis and UTIs has exhibited side effects such as anorexia, high fever,
dyspnoea, hypotension, chills, cardiac arrhythmias, and damage to major organs (e.g., kidney and
liver) (Saka and Chella, 2021).

Additional limitations of phytotherapy are associated with the overharvesting of wild populations
of medicinal plants which may lead to increased risks of species extinction and reduction of the
diversity among plant species (Jan et al., 2020; VVan Wyk and Prinsloo, 2018). However, it is
notable to mention that harvesting pressures do not affect all plants of medicinal importance in the
same manner. Species rarity (a measure of the extinction risk of plants) can be affected by other
factors such as overexploitation, habitat destruction, and deforestation. Overharvesting and habitat
destruction of almost 15 000 medicinal plants has resulted in them being at risk of extinction (Jan
etal., 2020; Chen et al., 2016). Other challenges associated with CAM include poor access to plant
material due to the regulations of different countries which affects the export and import of plant
material, the chemical complexity of plant extracts makes it difficult for individual compounds to
be isolated as it requires considerable amount of time, resources, and bulk amounts of plant
material, and the synergistic pathways of plant-based therapeutic strategies are not fully
understood as there are no current technologies developed to elucidate their complete mechanism
of synergy (Jan et al., 2020). There is considerable evidence that shows that natural medicines are
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favoured over conventional therapeutics for antibacterial antibiofilm therapy, however, there is no
effective natural medicine for the elimination of bacterial biofilms. Thus, natural medicines are
continuingly being used in conjunction with conventional therapeutics (Zhang et al., 2020b).
Moreover, the lack of satisfactory solubility, optimal permeability and stability makes the use of
natural compound not a viable source for commercial production (Saka and Chella, 2021). In
order to circumvent the limitations associated with the use of phytotherapy in treating AMR
infections, novel or improved methods to effectively manage and treat AMR infections are

urgently needed.

1.4 Nanotechnology

In recent years, nanotechnology has been considered as the most significant scientific
groundbreaking discovery. The introduction of nanotechnology has revolutionized modern
medicine through the influence of the global scientific community’s efforts to improve human
health (Mubeen et al., 2021). The field of nanoscience is interdisciplinary, primarily involving
biology, physics, chemistry, computing, material sciences, and engineering (Lozano, 2022), and
facilitates the development of novel therapeutic strategies for biomedical and pharmaceutical
applications (Parveen et al., 2016). In the 21% century and beyond, many aspects of materials
sciences have been transformed since the inception of nanotechnology (Parveen et al., 2016).
Nanotechnology refers to the manipulation of particles on an atomic and molecular level for the
design, manufacture, and application of new structures, devices, and systems that have size
dimensions on the nanometre scale or, in simple terms, nanoscale (Lozano, 2022; Agarwal et al.,
2021; Gour and Jain, 2019; Rafique et al., 2017). A schematic representation of the nanoscale is
shown in Figure 1.7. The word “nano” is derived from the Greek word “dwarf,” vivvoc (N4nnos),
which means “a billionth.” A nanometre is an extremely small unit of measurement, a billionth
(10°°) of a meter, which is approximately 10 times the diameter of a hydrogen atom. A single strand
of human hair is an estimated 100,000 nm wide (Lozano, 2022; Okkeh et al., 2021; Parveen et al.,
2016; lvanov, 2015).
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Figure 1.7: Schematic representation of the nanoscale (Adapted from lvanov, 2015).

Nanomaterials are tiny particles with a range of diameter between 1 and 100 nanometres (nm). At
this range, the characteristic properties of these nanomaterials are unique. The physicochemical
and structural properties of nanomaterials differ from those of atoms, molecules, and bulk
counterparts due to two main factors, namely surface effects, and quantum effects (Joudeh and
Linke, 2022; Okkeh et al., 2021; Srikar et al., 2016; Guisbiers et al., 2012). The surface effects of
nanomaterials are different compared to the bulk materials owing to the large surface area and high
surface area to volume ratio of nanomaterials coupled with an increase in the fraction of atoms at
the surface and a decrease in direct neighbours to these atoms at the surface (Joudeh and Linke,
2022). Quantum phenomena are observable in materials with nanoscale dimensions due to the
shrinkage in the size of the material. The quantum effects of nanomaterials can directly influence
their optical, electrical, thermal, mechanical, magnetic, and catalytic behaviour (Joudeh and Linke,
2022). The properties of nanomaterials (i.e., size, shape, and surface morphology) can impact the
intrinsic characteristics of the nanomaterials through the establishment of novel or improved

properties (Agarwal et al., 2021; Rafique et al., 2017).

1.4.1 History of nanotechnology

Even though there is evidence that can date the early use of nanotechnology back to ancient times
in Egypt, Mesopotamia, India, and the Maya, the birth of nanoscience and nanotechnology
concepts is usually associated with the famous lecture of American physicist and Noble Prize
laureate, Dr. Richard Feynman from California Institute of Technology in 1959 (Joudeh and Linke,
2022). The visionary lecture titled, “There’s plenty of room at the bottom,” highlighted the vast
possibilities presented by the art of miniaturization and has since become famous as it is believed
to have given birth to the concept of nanotechnology long before the term was used. Therefore,

Dr. Feynman is commonly referred to as the “father of nanotechnology” (Joudeh and Linke, 2022;
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Dawadi et al., 2021; Feynman, 1959). During Dr. Feynman’s lecture, he challenged engineers to
write all 24 volumes of the Encyclopaedia Britannica on the head of a pin and even mathematically
explained how this was possible, however, there was no existing technology at the time that could
make it happen. The talk inspired several top-down approaches for the miniaturization of materials
(Lozano, 2022). In 1974, Prof. Norio Taniguchi from the Tokyo Science University coined the
term, “nanotechnology”, when he described it as the manufacturing of nanomaterials with great
precision in a paper titled, “On the Basic Concept of 'Nanotechnology”, during a scientific
conference meeting of the Japan Society of Precision Engineering (Matteucci et al., 2018; Parveen
et al., 2016). In 1981, Dr. Kim Eric Drexler, an engineer from the Massachusetts Institute of
Technology, wrote a highly ingenious paper in which he proposed the idea of employing a bottom-
up approach to build machines where ‘molecular assemblers’ can be used for the manipulation of
individual atoms. Dr. Drexler has been generally regarded to have popularized nanotechnology
and founded the field of molecular nanotechnology with the publication of his book titled,
“Engines of Creation: The Coming Era of Nanotechnology” in 1986 (Matteucci et al., 2018;
Parveen et al., 2016; Drexler, 1981).

The dawn of modern nanotechnology began in 1981 with the invention of the scanning tunnelling
microscope which allowed individual atoms to be viewed and manipulated. In 1986, the Nobel
Prize in Physics was awarded to International Business Machines (IBM) scientists, Gerd Binnig
and Heinrich Rohrer, for their role in the invention of the scanning tunnelling microscope. In 1989,
two other IBM scientists, Don Eigler and Erhard Schweizer demonstrated for the first time the
wonderful possibilities of nanotechnology and spelled out the acronym “IBM” using only 35
individual atoms of xenon that were rearranged on a substrate of chilled crystal of nickel and it
was measured to be three nanometres in length (Lozano, 2022; Picraux, 2022). Over 60 years after
Dr. Feynman’s visionary talk, nanotechnology has given rise to the field of nanoscience which is
an interdisciplinary field that plays a significant role in various scientific fields including
chemistry, physics, biology, medicine, computing, materials science, and engineering. The
amalgamation of nanoscience and other sciences has given rise to research fields such as
nanomedicine and nanobiotechnology which are of particular interest as they have the potential to
reshape the world around us by leading to revolutionary breakthroughs in medicine and
biotechnology (Picraux, 2022; Dawadi et al., 2021)
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Nanomaterials exhibit unique physicochemical properties, such as high surface-area-to-volume
ratio and small size, which make them ideal candidates for applications in medical imaging, drug
delivery, and disease diagnostics (Okkeh et al., 2021). The most distinctive property of NPs is
their large surface-area-to-volume, as an increase in the surface area of NPs leads to an increase in
surface energy, and, subsequently, an increase in the biological activity of the NPs. Hence, NPs
with smaller sizes and large surface-area-to-volume ratios are more effective even at low
concentrations (Geoprincy et al., 2013). The large surface-area-to-volume ratio of NPs also
enables a large number of high-affinity ligands to bind, arming NPs with a multivalency in
eradicating bacterial cells (Okkeh et al., 2021). The advantages of nanotechnology have been
proven particularly within the biomedical and pharmaceutical fields. As the field of
nanotechnology continues to advance and more research into the manipulation of structural
properties of NPs is conducted, newer NPs with vastly unique characteristics will be developed,
the efficacy of already existing NPs will be enhanced, and the potential of nanotechnology to be

applied in various fields will be increased (Bhardwaj et al., 2020; Srikar et al., 2016).

1.4.2 Classification of nanoparticles

Nanomaterials may be classified into a variety of classes depending on the type of material(s) used
for their synthesis. They may also be classified according to their size, morphology, and physical
and/or chemical characteristics (Lozano, 2022; Dawadi et al., 2021; Khan et al., 2019). A vast
number of materials are used in nanotechnology to manufacture nanomaterials and a simple
classification of nanomaterials is the broad division of NPs into two main categories based on the
materials used to produce them: organic and inorganic (Figure 1.8) (Martins et al., 2021;
Martinelli et al., 2019; Rafique et al., 2017).
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Figure 1.8: Classification of inorganic and organic NPs commonly used in nanomedicine
(Adapted from Martinelli et al., 2019).

Organic nanomaterials are composed of organic compounds and encompass carbon nanomaterials
such as solid lipid NPs, polymers, fullerenes, and carbon nanotubes. Other organic nanomaterials
which are used in drug delivery and biocimaging applications include liposomes/polymersomes,
micelles, dendrimers, and polymeric NPs (Khalid et al., 2020; Martinelli et al., 2019). Inorganic
nanomaterials are composed of inorganic compounds, like pure metals or metal oxides, and
encompass metallic NPs (MNPs) (e.g., silver NPs), magnetic NPs (e.g., iron oxide NPs), and semi-
conductor NPs (e.g., quantum dots), and nano shells. Nanobiomaterials are commonly synthesized
from inorganic metals or polymers and lipids (Martinelli et al., 2019; Rafique et al., 2017).

MNPs are different from other NPs as their unique physicochemical, electrical, optical, magnetic,
thermal, and biological properties make them attractive and favourable for biomedical applications
(Khalid et al., 2020; Chahardoli et al., 2018). MNPs are manufactured using various metals
precursors including silver (Ag), gold (Au), aluminium (Al), copper (Cu), iron (Fe), titanium (Ti),
and platinum (Pt), or combinations of these metals (Khan et al., 2019; Noah, 2019). NPs made
from alkali and noble metals such as Cu, Ag, and Au have a broad absorption band in the visible
zone of the electromagnetic solar spectrum. Noble metals NPs exhibit a strong UV-visible

extinction band that is not present in the spectrum of the bulk metal. This excitation band results
28

http://etd.uwc.ac.za/



when the incident photon frequency is constant with the collective excitation of the conduction
electrons and is recognized as the localized surface plasma resonance (LSPR). Owing to the LSPR
characteristics, the noble MNPs possess unique size-dependent optoelectrical properties (Khan et
al., 2019).

1.4.2.1 Silver nanoparticles (AgNPs)

For more than 2000 years, the medicinal and preservative qualities of silver have been known
(Parveen et al., 2016). Silver has been used in coins, silverware and cutlery, cosmetics, textiles,
and medical implants (Park, 2014). Ancient empires, such as the Greeks, Romans, Persians, and
Egyptians, have all used silver for the storage of food and water. The use of silver in silverware
and cutlery to eat, drink or store food was common as it was believed that silver had antibacterial
activity. Therapeutic strategies incorporating silver have been utilized since 1850 B.C. with silver
being applied to wounds by the Egyptians and Hippocrates textbooks describing the positive
effects of silver in wound healing. It has been documented that silver nitrate was used for ulcer
treatment in the 17" and 18" centuries. Interestingly, the antibacterial activity of silver was only
elucidated in the 19" century. Moreover, silver was the first choice for antibacterial treatment
before antibiotics were discovered in 1940 which led to the use of silver salts being decreased
(Paladini and Pollini, 2019; Srikar et al., 2016; Tocco et al., 2012).

Noble metals have received great attention as they can provide NPs with appealing characteristics
which makes them suitable to be used in various applications (Rafique et al., 2017). NPs
synthesized with noble metals are used in various scientific fields relating to health and biological
sciences (Prathna etal., 2011). The enthusiasm for these NPs is due to their superior characteristics
(Rafique et al., 2017). Silver is a noble metal that has commonly been used in the synthesis of NPs
due to its exceptional properties that provide AgNPs with excellent chemical stability, high
electrical and thermal conductivity, catalytic activity, non-linear optical behaviour, and biological
properties that make them attractive for applications within the nanobiotechnology field (Skora et
al., 2021; Parveen et al., 2016). The LSPR and physicochemical properties of AgNPs set them
apart from other MNPs. AgNPs are used in the diagnostics and treatment of various diseases,
biosensors, catalysis, medicine, textiles, cosmetics, and household items. Some of the biological
activities of AgNPs include antibacterial, anticancer, antioxidant, and antidiabetic activity (Dawadi
etal., 2021; Noah, 2019; Rafique et al., 2017; Ahmed and Ikram, 2016; Balan et al., 2016; Parveen
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et al., 2016; Park, 2014; Prathna et al., 2011). The ability of AgNPs to control the colonization of
bacteria and bacterial infection in wound healing has been previously demonstrated (Paladini and
Pollini, 2019; Skora et al., 2021). It has also been shown that AgNPs are able to interact with
matured biofilm and their high toxicity against bacterial pathogens (Skéra et al., 2021; Kasithevar
et al.,, 2017). Due to their relatively small size, they can penetrate the cell through the cell

membrane with ease and serve as a potential antibacterial agent (Dawadi et al., 2021).

1.4.3 Synthesis of NPs

The “Top-down” and “Bottom-up” approaches are the two predominant principles used to
synthesize NPs. The “Top-down” approach is based on size reduction as several physical/
mechanical methods are used to fragment bulk material into powder and then into nano-sized
particles while the “Bottom-up” approach deals with the synthesis of NPs where atomic-scale
particles form clusters/ nuclei and grow into NPs through chemical and biological methods (Figure
1.9) (Rafique et al., 2017; Ahmed and Ikram, 2016; Parveen et al., 2016). Various methods
including chemical, physical, biological, and hybrid processes have been developed for the
synthesis of AgNPs and are entirely dependent on the technology and reducing agents used
(Figure 1.9) (Dawadi et al., 2021; Skoéra et al., 2021; Parveen et al., 2016).
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lon implantation Chemical reduction of metal salts Microorganisms (bacteria, fungi)
Electron beam lithography Electrolysis Algae
Ball milling Microemulsion method Enzymes and biomolecules
Inert gas condensation Pyrolysis Industrial and agricultural waste
Vapour-phase synthesis Phytochemical (irradiation) method
Mechanical grinding Sonochemical method
Spray pyrolysis Sol-gel process
Pulsed laser ablation Solvothermal synthesis

Pulsed wire discharge

Figure 1.9: Various approaches and methods used in the synthesis of NPs (Adapted from Rafique
etal., 2017; Ahmed and Ikram, 2016; Parveen et al., 2016).
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1.4.3.1 Physical and chemical methods

Traditional methods of NPs synthesis employ physicochemical approaches which may utilize
chemicals, light, laser, electricity, sound, and microwave to produce NPs (Dawadi et al., 2021).
Physical methods used to synthesize NPs include arc discharge method, ball milling, ion
implantation, thermal evaporation, spray pyrolysis, ultra-thin films, pulsed laser desorption,
lithography, sputter deposition, layer-by-layer growth, molecular beam epitasis and diffusion
flame synthesis of NPs. Chemical methods used to synthesize NPs include electrodeposition, sol-
gel process, chemical solution deposition, chemical vapour deposition, soft chemical method,
Langmuir Blodgett method, catalytic route, hydrolysis co-precipitation method, and wet chemical
method (Figure 1.9) (Rafique et al., 2017; Ahmed and lkram, 2016; Parveen et al., 2016).

The synthesis of MNPs using physical and chemical methods is linked to severe environmental
issues due to toxic and hazardous chemicals being used and released into the environment (Park,
2014). Expensive reagents, high radiation, high voltage, high temperatures and high concentrations
of reducing and stabilizing agents that are not environmentally friendly and cause more harm to
the environment have been employed in both physical and chemical methods (Parveen et al.,
2016). The expensive cost of physical and chemical processes is also a concern. These processes
make use of costly machinery that require excessive amounts of energy to function and toxic
chemicals that are usually expensive to purchase. Moreover, longer periods are generally required

to synthesize NPs in relatively low yields (Rafique et al., 2017; Ahmed and Ikram, 2016).

The main disadvantage of physical methods is the possibility of defects on the surface of the
nanomaterial which can negatively impact the properties of MNPs (Soltys et al., 2021).
Disadvantages associated with chemical methods of synthesis include the usage of toxic solvents,
contamination from chemical precursors, and the formation of hazardous by-products (Chahardoli
et al., 2018). Due to issues relating to sustainability, toxicity, and pollution of the environment as
a consequence of physical and chemical methods being used for NP synthesis, there is an urgent
need for the development of alternative methods of NP synthesis that are environmentally friendly,
economical, and sustainable (Park, 2014). Biological methods of NP synthesis may overcome the
limitations associated with physical and chemical methods (Dawadi et al., 2021).
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1.4.3.2 Biological or green synthesis methods

The biological synthesis of NPs is preferred over physical and chemical methods as it employs
sustainable green chemistry principles (Kalantari et al., 2020). The 12 principles of green
chemistry were first published by Paul Anastas and John Warner in their book "Green Chemistry:
Theory and Practice” in 1998 and provided the global scientific community with a framework to
guide them in designing nanomaterials with maximum performance and minimal undesirable
implications for the environment and human health. Years of unintentional polluting of the
environment and impacts on human health from the production and use of hazardous chemicals
could be addressed (Soltys et al., 2021; Gilbertson et al., 2015; Anastas and Warner, 1998). The
incorporation of green chemistry principles in the synthesis of NPs has been recommended as it
has the potential to reduce the harmful impact of NPs production while also increasing the safety
and sustainability of the synthesized NPs (Soni et al., 2022; Noah, 2019; Gilbertson et al., 2015).

The 12 principles of green chemistry have guided researchers across the globe in the development
of less hazardous chemical products and by-products (Parveen et al., 2016). Green chemistry
accounts for the entire life cycle of nanomaterials and the application of its principles in each stage
of the nanomaterials’ life cycle is important to help optimize the design framework. A benign
target particle or chemical can be developed into a lifesaving therapeutic agent and benefit society,
but it may also result in damage and pollution of the environment at the end of its life cycle (Soni
et al., 2022) Figure 1.10 depicts the 12 principles of green chemistry and how each principle is
applicable in the life cycle of nanomaterials (Soni et al., 2022; Gilbertson et al., 2015).

32

http://etd.uwc.ac.za/



Material Extraction .
Manufacturin ;
and Processing > 9 % Use % End of Life

1. Prevent waste

2. Atom economy
3. Less hazardous chemical synthesis

4. Designing safer chemicals/products

5. Safer solvent &
reaction media

6. Design for energy efficiency
7. Renewable feedstocks
8. Reduce derivatives
9. Use of catalysts
10. Design for degradation
11. Real-time monitoring and process control
12. Inherently safer chemistry
Figure 1.10: Schematic diagram showing the 12 principles of green chemistry and how each

principle is applicable in each stage of the life cycle of nanomaterials (Adapted from Soni et al.,
2022; Gilbertson et al., 2015).

The practice of green chemistry in the synthesis of NPs brought about green nanotechnology.
Green nanotechnology deals with the development of clean nanotechnology that reduce the
potential risks to the environment and human health related to the manufacture of nanomaterials.
Nanomaterials are synthesized from natural pathways such as microbes, fungi, or plant-based
extracts using different biotechnological approaches. Green nanotechnology aims to replace
current products with nanoproducts that are environmentally friendly, sustainable, and free from
hazardous substances (Soni et al., 2022; Noah, 2019).
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Green synthesis of MNPs is a single-step bio-reduction method where a metal salt solution is
mixed with a biological entity for the formation of NPs as shown in Figure 1.11 (Rafique et al.,
2017; Park, 2014). It has been proven to be more advantageous than classical chemical approaches
as it is a simple one-pot reaction that is easy to scale up, utilizes biological materials, makes use
of less energy, and is cost-effective (Parveen et al., 2016; Park, 2014). NPs synthesized via green
synthesis techniques are far superior to NPs manufactured with physical and chemical methods
because the use of expensive chemicals is eliminated, and environmentally benign products and
by-products are generated. Green synthesis of NPs utilizes reagents that are environmentally
friendly, non-toxic, and safe to use to synthesize NPs in an eco-friendly manner (Parveen et al.,
2016). Various biological entities including microorganisms (bacteria, yeast, fungi, and other
prokaryotes), plants and plant extracts, and templates (viral DNA, membranes, and diatoms) can
be employed in the synthesis of MNPs as these biological systems can reduce inorganic metal ions
into MNPs due to the presence of proteins and metabolites in these organisms which have reducing
capabilities (Rafique et al., 2017; Parveen et al., 2016).
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Figure 1.11: One-step method of AgNPs synthesis using plant extract (Adapted from Rafique et
al., 2017; Park, 2014).

The synthesis of MNPs using biological entities has received immense interest as these NPs have
remarkable optical, chemical, and physical properties (Parveen et al., 2016). As biological
techniques are employed in a one-step procedure, NPs have a diverse nature, with greater stability
and desirable shapes and sizes (Parveen et al., 2016). Green nanobiotechnology presents a
promising alternative route for the synthesis of NPs that are biocompatible and stable (Parveen et
al., 2016). The biosynthesis of NPs makes use of a bottom-up approach as synthesis is facilitated

by reducing and stabilizing agents (Parveen et al., 2016). When synthesizing NPs using the
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biological method, the choice of solvent medium, the choice of eco-friendly and environmentally
benign reducing agent, and the choice of non-toxic material as a capping agent to facilitate the
stabilization of the synthesized NPs are all considerations to make (Parveen et al., 2016). NPs size
and shape can be controlled by specific biomolecules which is favourable for biomedical
applications (Kalantari et al., 2020; Parveen et al., 2016). Specific biomolecules present in capping
agents provide specific functional groups on the NPs surface which controls the surface chemistry,
morphology, and size distribution of the NPs, shields the NPs to prevent agglomeration, and
enhances the reduction kinetics of NPs through the formation of complex structures with metallic
ions in the precursor salts (Sidhu et al., 2022). Bioactive molecules are renowned for their
medicinal properties and can be obtained from various biological organisms (Rigo et al., 2013).
These medicinal properties can also be introduced to NPs resulting in the enhancement of
biological activities of the NPs (Gnanajobitha et al., 2013). Moreover, the optimization of
biological synthesis conditions, focusing on the quantity of metal precursor salts, quantity of
reducing and stabilizing agents, temperature, and pH, allows for the easy modulation of shape,
size, and distribution of NPs (Zhang et al., 2016).

1.4.3.2.1 Biological synthesis of NPs using microarganisms

Microorganisms are widely used for genetic engineering, bioremediation, and bio-extraction
(Soltys et al., 2021). The exploitation of microorganisms in the synthesis of MNPs has been
recognized as an efficient and green method. Microorganisms can facilitate the accumulation and
detoxification of heavy metals with the aid of various reductase enzymes that can reduce metal
salts to MNPs. Various microorganisms of both prokaryotic and eukaryotic origin, such as
bacteria, viruses, yeasts, fungi, cyanobacteria, actinomycetes, and microalgae have been used in
the production of MNPs either intra- or extracellularly (Bahrolulum et al., 2021; Zhang et al.,
2020). These microorganisms can produce organic matter inside their cells and transport it out of
the cells. Extracellular synthesis is the preferred method as the extracellular location of the organic
material eliminates the need for downstream processing steps that are expensive and complex to
recover intracellular NPs. Moreover, extracellular synthesis has higher yields of NPs as compared

to intracellular synthesis (Bahrulolum et al., 2021; Zhang et al., 2020D).

The use of microorganisms instead of chemical reagents makes the reaction more environmentally

friendly (Skoraet al., 2021). The use of microorganisms in NP synthesis is relatively cheaper, non-
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toxic, and does not require much energy in comparison to physical and chemical methods. MNPs
synthesized using microorganisms have a wide range of sizes, shapes, compositions, and
physicochemical properties. The major limitations associated with microorganism-based synthesis
of MNPs include the complicated process of sampling, isolation, culturing, and storage of
microorganisms, and downstream processing is essential for the recovery of the NPs (Bahrulolum
et al., 2021). Myriad studies have demonstrated the use of microorganisms such as Bacillus spp.,
Enterobacter cloacae, Escherichia coli, Lactobacillus spp., Fusarium oxysporum, and
Cylindrospermum stagnale in the synthesis of AgNPs with varied sizes and morphologies (Soltys
etal., 2021; Zhang et al., 2020a; Husain et al., 2015; Ummartyotin et al., 2012; Pugazhenthiran et
al., 2009; Sintubin et al., 2009). Moreover, Saccharomyces cerevisiae is another nonpathogenic,
non-toxic, and generally recognized as safe (GRAS) organism of importance that has been
extensively employed in the extracellular synthesis of relatively monodispersed AgNPs with

antibiofilm activity and antifungal activity (Skora et al., 2021; Niknejad et al., 2015).

1.4.3.2.2 Biological synthesis of NPs using whole plants

Whole plant-based synthesis of MNPs makes use of whole plants as bioreactors for the synthesis
of MNPs. Whole plants can reduce metal ions both on their surface and in various organs and
tissues apart from the ion penetration site (Parveen et al., 2016; Makarov et al., 2014). Plants with
strong metal ion hyperaccumulation and high reduction capacity have been used for phytomining.
Phytomining is a process where precious metals from land bioaccumulate in plants and are
extracted as it would otherwise be economically unjustifiable to mine these metals directly from
the land (Makarov et al., 2014).

There are certain restrictions and limitations that should be considered upon industrial application
of whole plant-based synthesis of MNPs. Depending on the variations in the content of metal ions
in the different tissues of the plant, the localization of the NPs is determined which subsequently
controls the size and shape of the NPs. These factors can influence the amount of metal deposition
around NPs that have already been synthesized as well as the possibility of new nucleation events
which is the initiation of nanoparticle formation. The non-homogeneous nature of the size,
morphology, and purity of NPs in whole plants may deter their use in applications where NPs of a
particular size, shape, and consistency are required. These limitations prove the inability of whole

plant-based synthesis to be tailored for NPs that can be marketed. Moreover, the extraction,
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isolation, and purification of NPs from plants is a complicated process associated with many
difficulties and low recovery of NPs (Kurhade et al., 2021; Makarov et al., 2014).

A wide variety of plants have been successfully used in the efficient and rapid extracellular
synthesis of AgNPs and gold NPs (AuNPs). Alfalfa (Medicago sativa), Chilopsis linearis, and
Sesbania seedlings have all demonstrated that synthesis of AuNPs within plants is achievable
whereas the sprouts of Alfalfa (Medicago sativa) and germinating seeds of Brassica juncea can
synthesize silver and Ag-Au-Cu alloy NPs (Parveen et al., 2016). Another study also demonstrated
the use of Brassica juncea (mustard greens) and Medicago sativa (alfalfa) for the synthesis of
AgNPs. The study demonstrated that the plants were grown on silver nitrate as a substrate and as
a result, a large amount of AgNPs with an average size of 50 nm accumulated within the tissues

of the plants, making up approximately 13.6% of the plant’s total weight (Makarov et al., 2014).

1.4.3.2.3 Biological synthesis of NPs using plant extracts

Although whole plants have shown their potential to be used in the synthesis of NPs, plant extracts
have been also used successfully in the synthesis of several MNPs, such as silver, copper, cobalt,
gold, platinum, palladium, zinc oxide, and magnetite (Parveen et al., 2016). Biologically active
compounds found in plant extracts also referred to as phytochemicals, are responsible for the bio-
reduction of metal ions due to their ability to act as reducing and stabilizing agents (Soltys et al.,
2021; Bhardwaj et al., 2020; Rigo et al., 2013). Various parts of the plant like leaves, stems, seeds,
fruits, roots, and latex can be used to extract phytochemicals (Kurhade et al., 2021). Numerous
primary and secondary metabolites of plants such as polyphenols, tannins, alkaloids, terpenoids,
saponins, vitamins, polysaccharides, glycosides, proteins, flavonoids, amino acids, and enzymes
possess the ability to act as reducing and stabilizing agents (Figure 1.12) (Soltys et al., 2021;
Ahmed and Ikram, 2016). The processes involved in the reduction and stabilization of metal ions
to NPs are rapid, can often be easily conducted at ambient temperatures and pressure, are easy to
scale up, are cost-effective, are environmentally friendly, and are deemed safe for biomedical
research. Making sure that the reducing and stabilizing agents used in NPs synthesis results in a
process that saves energy, is cost-efficient, improves safety, and reduces waste adheres to the green

chemistry principles (Noah, 2019).
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Figure 1.12: Some biologically active compounds found in plants (phytochemicals) (Adapted
from Soltys et al., 2021).

The utilization of plant extracts is generally preferred over microorganisms as the rate of synthesis
appears to be quicker. Bioactive compounds found in plants can reduce metal ions much faster
than bacteria or fungi due to the presence of functional groups. The method involving plant extracts
can also be modified with ease due to the single-step, non-pathogenic, and eco-friendly nature of
the method. Moreover, the utilization of plant extracts instead of microorganisms eradicates the
biohazardous risks (i.e., pathogen activity) and costs and labour of the isolation and maintenance
of large cultures and purification of NPs, and slowness of the synthesis process (Soni et al., 2022;
Soltys et al., 2021; Rafique et al., 2017; Ahmed and lkram, 2016). Plants are also extensively
distributed, readily available, and relatively safe to handle (Geoprincy et al., 2013). Generally,
NPs that have been synthesized using leaf extracts have well-defined morphological features in
comparison to NPs that have been synthesized using extracts from plant tissues, bark, and whole
plant (Srikar et al., 2016).

Several studies have demonstrated that plant extracts can act as potential precursors for
nanomaterial synthesis (Parveen et al., 2016). The leaf extracts of Cymbopogon flexuosus
(Ilemongrass), Cinnamommum camphora, Azadirachta indica (neem), Aloe vera, and Tamarindus

indica (tamarind) have been able to reduce silver nitrate to Ag® in the formation of AgNPs,
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respectively (Parveen et al., 2016). Green-synthesized AgNPs may possess antibacterial and
antifungal properties and therefore may aid in the reduction or prevention of infections (Shalaby
et al., 2022). AgNPs synthesized from leaf extracts of Cestrum nocturnum have shown significant
antibacterial activity (Rigo et al., 2013). AgNPs synthesis using plant extracts is beneficial as it is
eco-friendly, economical, and energy-efficient, thus, a healthier workplace for humans with less

waste production and more safety is provided (Shalaby et al., 2022; Kalantari et al., 2020).

1.4.3.3 Mechanism involved in green synthesis of NPs

There are two main requirements in the green synthesis of AgNPs using plant extracts, namely,
silver metal ion solution and plant extract. The plant extract acts as a reducing, stabilizing, and
capping agent in a simple one-step bioreduction reaction (Figure 1.13). The Ag® ions can be
obtained from a variety of water-soluble salts of silver (e.g., aqueous silver nitrate (AgNQO3)), and
the plant extracts can be obtained from a plethora of flora found globally. For green
nanotechnology, the preferred solvent for the extraction of reducing agents from plants is water.
Water is the cheapest and most available solvent and has been employed in the synthesis of various
NPs (Soltys et al., 2021; Bhardwaj et al., 2020; Srikar et al., 2016). Using this approach, the use
of high temperatures and pressure, high consumption of energy, and harmful chemicals are avoided
(Rafique et al., 2017).

Temperature
pH Pressure
Capping
H + H
Biological Metal Reduction \ﬁ Synthesized
extracts solution reaction Stabilization green

nanoparticle

Figure 1.13: Biological synthesis of NPs using green nanotechnology (Adapted from Patra and
Baek, 2015).
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The biological synthesis of AgNPs is facilitated by the donation of electrons from organic
chemicals which play a role in the reduction of Ag* ions to Ag®. The reducing agent is the active
ingredient found within the biological entity and it usually differs according to the choice of
biological entity used for the NPs synthesis. The mechanism involved in the formation of AgNPs
is displayed in Figure 1.14 (Gamboa et al., 2019). Overall, there are three main steps in the
mechanism of NP formation through plant extracts: (i) activation stage: metal ions are reduced and
the zerovalent metal atoms in the solution (in this case, Ag®) become supersaturated, nucleation
takes place and nuclei/ clusters start to form, (ii) growth phase: each cluster acts as a foundation
for the growth of each nanoparticle which occurs by the diffusional capture of other zerovalent
metal atoms in solution which have not formed nuclei so metal atoms coalesce to form larger
particles, and (iii) termination phase: the final shape of the NP is determined in this stage and is
dependent on the length of the growth phase (Kurhade et al., 2021; Makarov et al., 2014; Prathna
et al., 2011). Moreover, the capping agent plays a pivotal role in the synthesis of NPs. The
functionalization and stabilization of the synthesized NPs are achieved using capping agents which
provide the synthesized NPs with properties by controlling the size and shape of the NPs and
protecting the NP surface to prevent aggregation of the NPs. The coating of bioactive molecules
on the NP’s surface makes them biocompatible as compared to the NPs prepared using chemical

methods (Sharma et al., 2019).
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Figure 1.14: Schematic diagram displaying the steps involved in the formation of AgNPs
(Adapted from Gamboa et al., 2019).
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1.4.3.4 Parameters affecting the synthesis of NPs

In the synthesis of NPs, careful consideration of several reaction conditions is required due to the
potential influence on the overall synthesis of NPs, the rate at which NPs are produced, the yield
and stability of NPs formed, and various physicochemical characteristics of NPs which may affect
the morphology of the NPs as well (Soltys et al., 2021; Ahmed et al., 2016a). More importantly,
reaction parameters can also influence the potential application of NPs (Srikar et al., 2016). In the
biogenic synthesis of NPs using plant extracts, a range of factors which may have an influence on
the size, shape, and surface morphology of NPs include pH, temperature, pressure, mixing speed,
reaction time, metal salt concentration, and the type and concentration of plant extract. The ratio
of the metal salt to plant extract is another crucial factor to consider (Soltys et al., 2021; Rafique
et al., 2017; Srikar et al., 2016; Makarov et al., 2014; Park, 2014).

When the pH of the reaction mixture is adjusted, the charges of the functional groups of secondary
metabolites or biomolecules present in the plant extract are also adjusted (Reyes et al., 2020). The
change in the charges of the functional groups is due to protonation and deprotonation taking place
on the surface of the biomolecules depending on the pH being acidic or basic. This leads to changes
in the local surface charge of NPs in the nucleation and growth stages of NP synthesis (Patil and
Chandrasekaran, 2020; Barisik et al., 2014). This change in the pH of plant extract affects how the
biomolecules interact with the metal ions present in the reaction mixture and subsequently affects
how the NPs are capped and stabilized, hence, the growth of the NPs is affected as well. Changes
to the pH affects the shape, size, and yield of NPs produced (Lade and Shanware, 2020; Zhang et
al., 2020a; Makarov et al., 2014, Park, 2014).

Under basic conditions, the increased levels of OH- species may aid in the deprotonation of
functional groups such as the carboxyl group (from -COOH to -COO-). Biomolecules with
carboxyl groups have been reported to have better reduction potential under basic pHs (Miranda
et al., 2022). The deprotonation of functional groups present in the biomolecules allows for the
adsorption of Ag*ions by electrostatic attraction or affinity interaction resulting in the AgNPs with
small size and well-dispersed distribution (Miranda et al., 2022). It has been reported that an acidic
reactant may cause prolonging of the reaction time therefore indicating that acidic medium is not
ideal for NP synthesis. Moreover, NPs synthesized under acidic conditions resulted in NPs with a
greater size as compared to NPs synthesized under basic conditions (Lade and Shanware, 2020).
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NPs formed at basic pHs are not only smaller in size but are formed in higher yields as well
(Miranda et al., 2022; Reyes et al., 2020).

When the temperature and mixing speed of the reaction is increased then the rate of reaction and
rate of particle formation is increased as well. Moreover, when the reaction is allowed to run for
longer periods, changes in the size and shape of synthesized NPs can be observed (Zhang et al.,
2020a; Makarov et al., 2014; Park, 2014). Generally, the synthesis of NPs using green technology
requires temperatures less than 100 °C or ambient temperature (Patra and Baek, 2015). Previous
studies have shown that MNPs can be synthesized at room temperature within a short amount of
time (Rafique et al., 2017). The pressure of the reaction medium influences the shape and size of
the synthesized NPs. The rate of reduction of metal ions is much faster at ambient pressure
conditions in the green synthesis of NPs (Patra and Baek, 2015). The concentrations of metal salt
and plant extract, and the proportions at which they are mixed in the reaction, have a direct effect
on the shape, size, and yield of the synthesized NPs (Zhang et al., 2020a; Srikar et al., 2016; Park,
2014).

1.4.3.5 Purification of NPs

The purification process of the synthesized NPs is essential because the applicability of the NPs is
dependent on their purity (Martins et al., 2021). Purification of NPs aids in the understanding of
their physical properties (i.e., size and shape) and reduces their variability in biological
applications (Robertson et al., 2016). There are various methods used to purify NPs, such as
density gradient centrifugation, membrane filtration, selective precipitation, liquid extraction,
chromatography, electrophoresis, separation by hydrodynamic forces, and magnetic-based
techniques (Martins et al., 2021). The choice of purification method used can influence NP
quantity and quality (Patra and Baek, 2015). Certain methods can alter the physicochemical
properties of NPs, often resulting in the disintegration of the NPs, making them impractical for

their further use, therefore, the choice of method is restricted (Martins et al., 2021).

Although the benefits and shortfalls of various purification methods were extensively reviewed by
Martins and colleagues, it was concluded that it is impossible to choose one standard method for
the purification of all NPs. The most appropriate method is dependent on the type of NPs and their
intended application for which it is vital that the integrity of the NPs is maintained (Martins et al.,
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2021). Nevertheless, centrifugation is a cheap, straightforward, and suitable method for the
recovery and purification of AgNPs, especially to remove contaminants and/or residues from
freshly synthesized suspensions. Centrifugation allows for the successful separation of NPs by size
and shape based on gravitational force and ensures that their physicochemical properties are
preserved making them ideal for their intended application (Martins et al., 2021; Park, 2014). A
previous study by Sholikhah et al. (2020) carried out experiments on the separation of AgNPs
using size exclusion chromatography (SEC) and centrifugation methods to determine which
method is more effective. The findings of the study demonstrated that centrifugation had better
homogeneity than the SEC method (Sholikhah et al., 2020).

1.5 Manihot esculenta (cassava)

M. esculenta, commonly known as cassava, manioc, yuca, tapioca, mandioca, shushu, muk shue,
cassave, manioc, tapioca, imanoka, maniba, kasaba, katela boodin, sweet potato tree, or Brazilian
arrowroot, is a plant belonging to the Euphorbiaceae family which has great importance as a global
agro-industrial crop (Jampa et al., 2022; Bahekar and Kale, 2013). In tropical and subtropical parts
of the world, cassava is grown as an annual crop and is one of the largest sources of carbohydrates
along with rice and maize (Syafiuddin et al., 2017; Ferraro et al., 2016; Ogola and Mathews, 2011).
It is native to Central and South America; however, it can be found widely distributed across
southeast Asia and Africa (Burns et al., 2012; Zakaria et al., 2006). It is a woody, perennial shrub
with compound leaves, small green flowers, and large, brown roots that have chalk-white or yellow
flesh inside (Mountain Herb Estate, 2022). An image of the cassava leaves used in this study is

shown in Figure 1.15.

Figure 1.15: Image of Manihot esculenta (cassava) leaves used in this study.
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Cassava offers a massive opportunity as a food, feed, and industrial crop (Amelework et al., 2021).
It is generally grown for its enlarged tuberous roots which are rich in starch (Zakaria et al., 2006;
El-Sharkawy, 2004). The various parts of cassava are consumed as part of the human diet to
provide energy and nutrition in the form of carbohydrates, and other macronutrients, minerals, and
vitamins, respectively (Zakaria et al., 2006). Although both roots and leaves are consumed, the
roots are the primary food source and cassava leaves are often a leftover co-product (Jampa et al.,
2022). Nearly 70% of the global cassava root production is used for human consumption, either
after cooking or in processed forms while the remaining 30% is used for animal feed and other
industrial products such as starch, glucose, and alcohol (Marie-Magdeleine et al., 2010; El-
Sharkawy, 2004). Cassava has also been used as feedstock to produce biofuel in Brazil and China
(Amelework et al., 2021; Narina and Odeny, 2011; Ogola and Mathews, 2011).

Cassava is grown in over 105 countries with Nigeria, Thailand, the Democratic Republic of Congo,
Indonesia, and Brazil being the leading producers of the crop (Amelework et al., 2021;
Oghenejoboh et al., 2021). In 1961, the total global cassava production was 78.5 million tons
grown on 9.6 million hectares which 44% was contributed by Africa. In 2017, the total global
cassava production skyrocketed to 322 million tons grown on 26 million hectares of land
(Amelework et al., 2021). Nigeria earns approximately US$3 billion per year by exporting the
crop and related products (Ogola and Matthews, 2011).

Over 800 million people living in developing tropical countries, including 45% of Sub-Saharan
Africans, consider cassava as a staple food crop (Burns et al., 2012; Ogola and Matthews, 2011).
In developing regions such as Africa, Asia Pacific, and South America, food security is maintained
through the manufacturing of cassava as a food product. The key role of cassava in the maintenance
of food security is attributed to its ease of cultivation, high resistance to drought and tolerance to
low soil fertility, low rainfall, and high temperatures which is especially important as climate

change has negatively affected global crop production (Jampa et al., 2022; Burns et al., 2012).

The roots and leaves of cassava are a good source of carbohydrates, minerals, and vitamins;
however, the roots have low amounts of protein, and all parts of the plant are toxic as cyanogenic
glycosides (a-hydroxynitrile glucosides) are present. Cyanogenic glycosides release toxic cyanide
(HCN) when broken down through the processing of the plant tissue as the cells are disrupted

(Burns et al., 2012). Cassava needs to be processed adequately before consumption as it may cause
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serious illness or death (Burns et al., 2012). There are thousands of cultivars of this crop as
breeding by farmers and scientists have promoted their development. All cultivars contain the
cyanogenic glycosides linamarin and lotaustralin (Burns et al., 2012; Marie-Magdeleine et al.,
2010). The highest concentrations are present in the peel of the roots and leaves, with the flesh of
the roots being less cyanogenic. The potential for poisoning is further exacerbated as the content
of cyanide within cassava varies with environmental conditions such as drought, which may lead
to increased cyanogenic potential, and soil nutrient supply. Another important variable is the low
concentration of other key nutrients present, for example, there are low concentrations of the
sulfur-containing amino acids methionine and cysteine in cassava which are essential in the

detoxification of cyanide that has been ingested (Burns et al., 2012).

1.5.1 Medicinal importance of cassava

The pharmacological potency and health benefits of cassava leaves can be attributed to their
nutritional, mineral, and phytochemical contents which include carbohydrates, essential amino
acids (methionine and phenylalanine), dietary fibres, p-carotene, vitamins, phenolics,
anthocyanins and flavonoids (Essien et al., 2022; Jampa et al., 2022). Many phytochemical studies
of cassava have shown that the biomedical activities of the plant are due to the presence of several
metabolites (Lima et al., 2017). Vitamin A, B1, calcium, calories, phosphorus, protein, fat,
carbohydrate, and iron can be found in the leaves of M. esculenta which is often discarded during
harvest (Essien et al., 2022). Flavonoids, tannins, ascorbic acid, alkaloids, and saponins found in
M. esculenta have displayed antimicrobial, antioxidant, and anti-inflammatory activities (Lima et
al., 2017). The leaves also contain free quercetin, which is an antioxidative, anti-inflammatory,
renal protective, and venotonic flavonoid. Other biomolecules found in the leaves are vitamin C,
flavonol glucosides, alkanes and sulfhydric acid, and condensed tannins (Marie-Magdeleine et al.,
2010). Rutin, a flavonoid compound, has been proposed as the bioactive constituent involved in
the antioxidative property of cassava leaves (Jampa et al., 2022). Moreover, chlorophyll present
in the leaves serves as an antioxidant and anticancer agent (Essien et al., 2022). The chemical
composition of M. esculenta is shown in Table 1.3.
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Table 1.3: Chemical composition of M. esculenta (Adapted from Syafiuddin et al., 2017; Ferraro
et al., 2016).

Proximate Mineral Vitamin
Caloric content Calcium Ascorbic acid
Water Copper Niacin
Protein Iron Riboflavin (vitamin B2)
Lipid Magnesium Thiamin
Carbohydrates Manganese Vitamin A
Fiber Phosphorus
Ash Potassium
Sodium

In various parts of the world, cassava is recognized for its medicinal value in the treatment of
various ailments. In the Caribbean, the leaf is used as a cure for headaches, and its antifungal,
anthelmintic, and antihemorrhagic properties. It has been previously reported that ethanolic
extracts of cassava had antiviral and antimycobacterial properties, with the fresh leaf inhibiting
protein synthesis (Marie-Magdeleine et al., 2010). In traditional practices of Suriname medicine,
the brown juice obtained during processing is used for burns while a decoction made from M.
esculenta can be used as an anthelminthic. M. esculenta has also been used in folk medicine for
the treatment of abscesses, boils, conjunctivitis, diarrhoea, dysentery, flu, hernia, inflammation,
prostatitis, snakebite, sores, spasms, and swellings (Zakaria et al., 2006). Moreover, M. esculenta
has also been recognized for its efficacy in treating asthma, coughs, wounds, skin rashes,
tuberculosis (TB), backache, chest pain, sweating, stomachache, and medicinal anaesthesia.
Cassava leaves can also be used to treat measles, smallpox, chickenpox, fevers and headaches,
colds, constipation, tumours, rheumatism, haemorrhoids, ringworm infection, conjunctivitis, sores,
and abscesses (Essien et al., 2022; Jampa et al., 2022; Zakaria et al., 2006).

Previous literature has shown that cassava leaves have antimicrobial, antioxidant, anti-
inflammatory, analgesic, antipyretic, anthelminthic, anticancer, larvicidal, and wound-healing
activities (Amado-Cornejo et al., 2020; Laya and Koubala, 2020; Mustarichie et al., 2020; Anwar
and Bohari, 2019; Bahekar and Kale, 2013; Bokanisereme and Okechukwu, 2013; Al-Rofaai et
al., 2012; Marie-Magdeleine et al., 2010). Phytochemical studies have confirmed the presence of

biomolecules such as proteins, enzymes, polysaccharides, amino acids, and vitamins in cassava
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leaves (Syafiuddin et al., 2017; Chung et al., 2016; Bahekar and Kale, 2013). A study
demonstrated the antibacterial activity of the ethanolic extract of M. esculenta leaves as it proved
to be effective against clinical isolates of Staphylococcus epidermidis and Propionibacterium
acnes (Mustarichie et al., 2020). The aqueous leaf extract of M. esculenta had better antibacterial
activity against Bacillus cereus than the aqueous leaf extracts of Carica papaya and Morinda
citrifolia in a study conducted by Syafiuddin and colleagues. The aqueous leaf extract of M.
esculenta exhibited antibacterial activity against B. cereus, E. coli, S. aureus, and P. aeruginosa
(Wattimena et al., 2022; Syafiuddin et al., 2017; Ramesh et al., 2013). Additionally, M. esculenta
extract has also been shown to be effective against Corynebacterium diphtheriae, Listeria

monocytogenes, Vibrio cholera, Shigella flexneri, and Salmonella typhi (Zakaria et al., 2006).

Furthermore, AgNPs synthesized using M. esculenta displayed larvicidal activity against mosquito
species, Aedes aegypti and Culex quinquefasciatus, which are known to carry deadly diseases such
as Zika, Dengue fever, and Japanese encephalitis (\VVelayutham et al., 2016). Moreover, it was
discovered that 200 pg/mL of M. esculenta aqueous leaf extract coupled with therapeutic
ultrasound at a specific dose of 3 MHz, 300 mWatt/cm?, 50% for 5 min have the potential to
accelerate the wound healing process of cells in vitro (Anwar and Bohari, 2019). In a study by
Meilawaty, it was shown that M. esculenta leaves play a role in accelerating the process of wound
healing by decreasing inflammation (Meilawaty, 2013). The biomolecules present in M. esculenta
leaves do not only have direct health benefits but possess the ability to reduce metal ions to form
AgNPs in solution (Syafiuddin et al., 2017; Chung et al., 2016). With the antibacterial activity of
M. esculenta leaves being previously proven, the exploration of the leaf extract to facilitate in the
synthesis of AgNPs as a reducing, capping, and stabilizing agent is attractive for further research
(Syafiuddin et al., 2017).

1.5.2 Cassava production in South Africa and the valorisation of cassava biowaste

Despite the long history of cassava in Africa and other parts of the world, cassava is not regarded
as a traditional commodity crop in SA. There has been limited cassava production in the country
with smallholder farmers growing cassava as a minor crop for home consumption in the north-
eastern parts of SA (Amelework et al., 2021, Ogola and Mathews, 2011). Recently, cassava has
been recognized by the Southern African Development Community (SADC) as one of the potential
industrial crops for SADC farmers (Amelework et al., 2021). A study revealed that SA imports
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more than 66 000 tons of various starches each year, of which 33% is cassava starch (19 800 tons).
The importing of starch costs SA an estimated value of more than R40 million per annum, with
cassava starch accounting for R6.8 million of the total import costs, therefore, it is evident that
there is the availability of a local market (Amelework et al., 2021).

Intriguingly, SA has recently developed an interest in the large-scale cultivation of cassava to
produce high-quality industrial starch (Amelework et al., 2021). The fleshy part of the cassava
root is used to produce industrial starch, and the rest of the cassava plant (leaves, stems, peels,
pulp, and rhizomes) is often discarded as biowaste (Amelework et al., 2021; Kowsalya et al.,
2021). The growing demand for cassava production and processing will lead to an increase in
cassava biowaste accumulation. Cassava biowaste poses a considerable risk to the environment as
its organic content is a source of pollution which leads to the contamination of soil and
groundwater if not disposed of properly. Degradation of the environment by cassava biowaste can
have detrimental implications for human health, ecosystems, and the economy (Oghenejoboh et
al., 2021; Olukanni and Olatunji, 2018; Ghimire et al., 2015). A major environmental challenge
facing both agricultural and industrial production is the management of waste from farming and
manufacturing practices. The proper management of cassava biowaste can alleviate the burden of
environmental pollution and lead to environmental, human health, and socio-economic benefits
(Hadzi-Nikolova et al., 2021; Oghenejoboh et al., 2021; Ghimire et al., 2015).

The management of biowaste plays a key role in ensuring the sustainability of the bioeconomy
(Ortegaet al., 2022). Biowaste forms part of the circular bioeconomy as a valuable resource. It has
been reported in literature that the creation of a circular bioeconomy based on the effective use of
biomass (including biowaste) is of utmost importance (Hadzi-Nikolova et al., 2022). A shift
towards the valorisation of biowaste can help to create a sustainable, biobased society and circular
economy (Ortega et al., 2022). The discarding of cassava biowaste provides an opportunity for it
to be transformed from “trash to treasure.” The upcycling of cassava biowaste in the manufacturing
of new high-value biobased products indicates that the valorisation of cassava biowaste is
achievable. Previous literature has reported on the valorisation of cassava biowaste (Amelework
et al., 2021; Oghenejoboh et al., 2021; Olukanni and Olatunji, 2018). The potential of cassava
biowaste as a source of bioethanol, biogas, and organic fertilizer has been extensively explored
worldwide (Amelework et al., 2021; Oghenejoboh et al., 2021; Ekop et al., 2019; Itoba-Tombo et
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al., 2019). Other value-added products such as pharmaceuticals, biofuels, ethanol, adhesives, tires,
livestock feeds, cold meats, and alcohol, can also be manufactured from cassava biowaste
(Amelework et al., 2021). Moreover, numerous studies have shown that the phytochemicals
extracted from cassava biowaste, particularly tuber peels and leaves, can reduce AgNOs to

synthesize AgNPs with antimicrobial properties (Kowsalya et al., 2020; Syafiuddin et al., 2017).

1.6 Application of AgNPs with antibacterial activity

Nanotechnology has received great attention due to the versatile physicochemical properties of
nanomaterials which make them favourable to be utilized in various applications in diverse fields
such as the medical, pharmaceutical, and food sectors; water treatment; cosmetics ingredients; and
antimicrobial textiles, and many more (Rosli et al., 2021). In recent years, nanotechnology has
been deemed as the most scientific breakthrough as its introduction revolutionized the field of
modern medicine and played a leading role in the improvement of global human health (Mubeen
et al., 2021). Due to the failure of traditional drugs and antibacterial agents to eradicate resistant
bacteria and biofilms, there is a necessity to develop new tools (Okkeh et al., 2021).
Nanotechnology is a significant tool that can treat and prevent infections with various advantages
over standard-of-care procedures (Shalaby et al., 2022). Nanotechnology-based therapeutic
strategies can aid in the eradication of the AMR burden and improve the therapeutic outcomes of
current available treatment for bacterial infections associated with AMR by overcoming their
limitations (Saka and Chella, 2021).

Based on the antibacterial properties and low toxicity profile of MNPs (i.e., silver, gold, and zinc),
MNPs are ideal candidates for antibacterial therapy (Mihai et al., 2019). MNPs have significant
beneficial use in dermatology by aiding in the prevention and treatment of infections as well as the
process of wound healing process with the application of NPs in wound dressings. Literature has
shown that antimicrobial wound dressings can be viewed as an alternative approach to reduce the
bacterial colonization and infection in wound healing (Rosli et al., 2021; Mihai et al., 2019).
Besides wound healing, NPs have also found potential use in tissue engineering, bone cement,
urinary catheters, dental implants, food packaging and wastewater treatment due to their
antimicrobial activity (Figure 1.16) (Rosli et al., 2021).
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Figure 1.16: Practical applications of nanotechnology-based products due to their antimicrobial

activity (Adapted from Rosli et al., 2021).

Several studies investigating the antibacterial effects of MNPs have exhibited promising results in
both gram-positive and gram-negative bacteria (Table 1.4) (Patil and Chandrasekaran, 2020;
Sanchez-Lopez et al., 2020; Rigo et al., 2013). Silver and AgNPs (AgNPs) are deemed optimal
candidates for the treatment of pathologies that have previously been treated with conventional
antibiotics (Boateng and Catanzano, 2020). However, AgNPs may overcome the limitations of
standard silver compounds due to their increased surface-to-volume ratio as AgNPs are more
potent at lower concentrations, hence, reducing toxicity (Kumar et al., 2018; Hamdan et al., 2017).
Moreover, AgNPs has shown exciting potential to be used as an effective antibacterial agent as
their distinctive unusual physicochemical properties as well as their broad-spectrum antibacterial
activity make them ideal for the treatment of infections caused by AMR bacteria (Hu et al., 2020;
Rigo et al., 2013).
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Table 1.4: Antibacterial activity of MNPs (Adapted from Patil and Chandrasekaran, 2020).

NPs Source Bacteria Gram reaction Reference

AgNPs  Erythrina suberosa (Roxb.) S. aureus + (Mohanta et al., 2017)
P. aeruginosa -
E. coli -
B. subtilis +
AuNPs  Ziziphus zizyphus E. coli - (Aljabali et al., 2018)
ZnONPs Albizia lebbeck S. aureus + (Umar et al., 2019)
E. coli -
K. pneumonia -
S. typhi -
B. cereus +
IONPs Acacia nilotica E. coli - (Da’na et al., 2018)
Salmonella -
S. aureus i
SeNPs Emblica officinalis E. coli o (Gunti et al., 2019)
S. aureus e
E. faecalis

L. monocytogenes

NiNPs Monsonia burkeana E. coli = (Kganyago et al., 2018)
P. aeruginosa

In order for nanomaterials to be applicable for biomedical purposes, nanomaterials need to be
biocompatible, well-characterized, and stable in vivo (Martinelli et al., 2019). The biological
efficiency of NPs is determined by their physicochemical properties (e.g., size and shape) (Mihai
et al., 2019). Through the variation of material, size, morphology and electrical charge of the NPs,
their biochemical features such as interaction with biological targets, hydrophobicity, and deeper
levels of tissue penetration may be simply altered (Hamdan et al., 2017). Numerous studies have
shown that diverse types of nanomaterials have displayed promising results concerning
antibacterial activity. The use of nanomaterials to overcome microbial drug resistance has been

claimed as one of the most promising strategies (Okkeh et al., 2021).

In an attempt to gain a better understanding of the bacterial infection and to assess new prevention
and treatment protocols, experimental models have been established. In vitro experimental models

are laboratory-based tests that provide valuable tools that are essential for drug development (Da
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Costa Mousinho, 2013). Researchers can simulate specific events that occur at cellular and
molecular levels using in vitro techniques which enable the rapid assessment of a multitude of test
substances under controlled conditions providing useful information regarding how cells are
affected by these test substances. Significant preliminary results obtained from in vitro models
lead to the design of subsequent investigations (Kalantari et al., 2020; Masson-Meyers et al., 2020;
Wilhelm et al., 2017; Da Costa Mousinho, 2013). The process of in vitro testing is relatively easy,
rapid, inexpensive, and does not require a lot of material in comparison to in vivo testing. These
benefits show the value of in vitro testing in the initial stages of the development of potential
therapeutic materials (Kalantari et al., 2020; Da Costa Mousinho, 2013).

Several in vitro and in vivo studies have demonstrated the antimicrobial effects of AgNPs
synthesized from different biological sources. Some examples of green synthesized AgNPs and
their practical applications are: AgNPs synthesized with M. esculenta aqueous leaf extract
exhibited antibacterial activity against B. cereus, E. coli S. aureus, and Pseudomonas aeruginosa
(Wattimena et al., 2022; Syafiuddin et al., 2017; Ramesh et al., 2013). Another study showed that
AgNPs synthesized using M. esculenta had larvicidal activity against mosquito species, Aedes
aegypti and Culex guinquefasciatus (Velayutham et al., 2016). The extract of Prosopis juliflora
was used to synthesize AgNPs and displayed antibacterial activity against E. coli and P.
aeruginosa, and anti-biofilm activity against B. subtilis and P. aeruginosa (Arya et al., 2019). The
AgNPs synthesized using Persicaria odorata leaf extract showed a dose-dependent inhibition of
Staphylococcus epidermidis and MRSA. Moreover, the P. odorata-AgNPs were non-toxic to
normal cells and displayed wound healing potential as cell migration was enhanced in comparison
to non-treated cells (Lubis et al., 2022). In a study conducted by Sood et al., Ocimum sanctum-
AgNPs were incorporated into a carbopol gel base and showed antibacterial inhibition similar to
commercial products against S. aureus and P. aeruginosa. Additionally, the nanomaterial was also
able to promote wound closure by 96.2% over a period of 14 days (Sood and Chopra, 2018). Tannic
acid modified AgNPs have demonstrated their antibacterial properties against a wide range of
bacteria, such as P. aeruginosa, E. coli, and S. aureus (Orlowski et al., 2018). AgNPs synthesized
from leaf extracts of Cestrum nocturnum have shown significant antimicrobial activity against V.
cholera, Enterococcus faecalis, S. typhi, E. coli, Proteus vulgaris, and Citrobacter sp. (Keshari et
al., 2020).
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Some green synthesized AgNPs have been assessed using in vivo models. In a previous study,
AgNPs prepared with the extracts of Catharanthus roseus and Azadirachta indica were effective
against multidrug-resistant bacteria and enhanced excision wound healing in mice (Shalaby et al.,
2022; Lakkim et al., 2020). Stable AgNPs using the Orchidantha chinensis fungus successfully
treated multistrain-infected wounds in the Sprague Dawley rats (Wen et al., 2016). A recent in
vivo investigation on wound healing in dogs showed that Ag-incorporated coatings promoted
wound healing and hindered microbial colonization at the wound site (Mihai et al., 2019; Mihai et
al., 2018). In another study, AgNPs were integrated into mesoporous silica NPs to form
biodegradable Ag-MSNs with strong adhesive properties. The Ag-MSNs demonstrated rapid and
efficient healing of wounds, excellent antibacterial activity and low toxicity effects in comparison

to sutures or MSNs in @ mouse skin wound model (Mihai et al., 2019; Lu et al., 2018).

To reduce the side effects of AgNPs, they can be used in low doses along with antibacterial drugs
to achieve increased efficiency (Mihai et al., 2019). In a study where AgNPs were combined with
tetracycline, an acceleration in wound healing was achieved which was hallmarked by a decrease
in bacterial load in both superficial and deep tissue layers in a mouse model (Ahmadi and
Adibhesami, 2017). These findings support the use of AgNPs in conjunction with traditional
antibacterial agents or dressings to treat infected wounds with efficiency. The functionalization of
biocellulose with AgNPs was used as an antibacterial coating for open wounds and was proven to
have bactericidal effects against gram-negative pathogens (Pal et al., 2017). Polyester-nylon
dressings coated with AgNPs were able to interfere with the colonization of bacteria and biofilm
synthesis whilst maintaining a low toxicity profile (Radulescu et al., 2016). Due to the considerable
surface energy of AgNPs, they tend to agglomerate resulting in decreased antibacterial activity.
However, loading AgNPs on a solid support system may be a solution (Dawadi et al., 2021).
Evidence from a study where nanocrystalline Ag dressings were used showed that bacterial levels
and chronic inflammatory responses were reduced, thus promoting wound healing. Similarly,
healing of chronic venous leg ulcers was linked to the reduction in bacteria and neutrophilic
inflammation (Rosique et al., 2015; Sibbald et al., 2007).

The advantages of nanomaterials in wound healing such as their antibacterial effects, stimulation
of wound healing, and role in preventing abnormal scarring make a good argument for their use in

clinical practice (Mihai et al., 2019). AgNPs have been investigated in numerous clinical trials for
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wound therapy, particularly in burns and chronic wounds such as diabetic ulcers (Mihai et al.,
2019; Boroumand et al., 2018). There is a growing market for nanotechnology-based products,
especially for AgNPs. Since the discovery of the antimicrobial activity of MNPs, AgNPs have
taken the lead since they were marketed for the first time in 2016. The market for AgNPs is
expected to exceed US$3 billion in 2024 (Sanchez-Lopez et al., 2020). Due to the broad-spectrum
antibacterial capacity of silver and AgNPs, silver-based creams and ointments and AgNPs-based
biomedical products (e.g., wound dressings) are commercially available (Paladini and Pollini,
2019). There is currently a high commercialization of AgNPs, with 55.4% of the total
nanomaterial-based consumer products available on the market (313 out of 565 products)
incorporating AgNPs in some way (Paladini and Pollini, 2019). Examples of commercially
available AgNPs wound healing products that have been approved by the U.S. FDA include
Acticoat™, Bactigras™, Aquacel™, PolyMem Silver™, and Tegaderm™ (Paladini and Pollini,
2019). Some of the properties of Acticoat™ wound dressing that have been observed by patients
include wound healing, reduction of infection at the wound site, and reduction in pain. Acticoat™
wound dressing is still under investigation for its use in the therapy of burns. It was concluded in
a clinical trial that Acticoat™ wound dressing can prevent infections in burns when used in
combination with silver sulphadiazine and chlorhexidine digluconate cream (Mihai et al., 2019;
Fong et al., 2005). Other AgNPs-incorporated materials which have shown promising results for
wound healing include modified cotton, bacterial cellulose, chitosan, and sodium alginate
(Paladini and Pollini, 2019).

1.7 Mechanism of antibacterial effect of AgNPs

It has been proposed that nanomaterials exert their antibacterial effects using several mechanisms
(Dawadi et al., 2021). The mechanisms that nanomaterials make use of are: (1) direct contact with
the bacterial cell wall; (2) inhibition of biofilm formation; (3) elicitation of both innate and
acquired host immune responses; (4) reactive oxygen species (ROS) production; and (5) initiation
of interactions with intracellular components such as DNA and/or proteins. Nanomaterials do not
possess the same mechanisms of action as antibiotics, therefore are promising candidates which
can be extremely useful in eradicating MDR bacteria. Additionally, a single nanomaterial may
make use of more than one way to act on MDR bacteria which has an immense impact on the fight
against MDR bacteria (Dawadi et al., 2021; Okkeh et al., 2021).
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The antibacterial mechanism of AgNPs in diverse biological systems remains perplexing and is an
area of research that is not yet fully understood (Dawadi et al., 2021; Paladini and Pollini, 2019).
It has been proposed that their mechanisms of action are like that of silver ions. Silver ions act by
adhering and destructing the cell wall or membrane; interacting and disrupting biomolecules such
as nucleic acids and enzymes; and generating ROS and free radicals which cause oxidative stress
in the cells. Silver ions bind non-specifically to various targets affecting the metabolism and
structure of bacteria simultaneously which is more advantageous than antibiotics which usually
target a specific aspect of bacteria limiting their capabilities (Dawadi et al., 2021; Paladini and
Pollini, 2019).

The proposed antibacterial mechanisms of action of AgNPs are depicted in Figure 1.17. Due to
the nanometric size and increased surface area, it has been proposed that: (1) AgNPs adhere to the
surface of the microbial cell resulting in membrane damage and altered transport activity; (2)
AgNPs penetrate the microbial cells and interact with cellular organelles; (3) AgNPs increase the
ROS inside the cells leading to cell damage; (4) AgNPs cause direct damage to the DNA and
disrupt cellular signals (Dawadi et al., 2021; Paladini and Pollini, 2019). AgNPs act on biofilms
by destroying bacteria in existing biofilms and dismantling the ability of the bacteria to synthesize
exopolysaccharides, thus preventing further biofilm formation (Dawadi et al., 2021; Paladini and
Pollini, 2019).

Another mechanism through which AgNPs reduce biofilm formation is by interrupting QS. QS is
a bacterial gene expression system controlled by small-signaling molecules (Paladini and Pollini,
2019). AgNPs synthesized using the extract from S. anacardium and B. retusa successfully
displayed antibiofilm activity against numerous clinically relevant human pathogens and altered
the development and structure of the biofilm present (Dawadi et al., 2021; Mohanta et al., 2020).
Moreover, the main antibacterial mechanism of AgNPs is the creation of sulfuric bonds with either
the proteins in the bacterial cell membrane or thiol groups of different enzymes resulting in
apoptosis (Vijayakumar et al., 2019). AgNPs may interfere with DNA synthesis during cell
division due to the presence of sulfurous and phosphorous bonds leading to the multiplication of
bacteria being inhibited (Mihai et al., 2019; Vijayakumar et al., 2019).
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Figure 1.17: Graphical representation of the proposed mechanisms of action of AgNPs in bacterial
cells (Adapted from Dawadi et al., 2021).

1.8 Detailed research proposal

1.8.1 Problem statement

Antimicrobial resistance (AMR) has emerged as a significant global health threat that demands
urgent multisectoral action. AMR affects human, animal and environmental health, and is therefore
considered as a ‘One Health’ problem. The burden of AMR is mainly due to the misuse of
antibiotic therapeutics which is further compounded by the failure of traditional drugs and
antimicrobial agents to eradicate multidrug-resistant bacteria along with a reduced drug discovery
rate of novel antibiotics. The latest global health threat, the emergence of the COVID-19 pandemic,
also exacerbated the spread of AMR due to the incorrect early administration of antibiotics to treat
bacterial coinfections in COVID-19 hospitalized patients as a strategy to reduce morbidity and
mortality which led to an escalation in the abuse and misuse of antibiotics. Recalcitrant bacterial
infections are frequently caused by AMR bacteria which leads to longer length of hospital stays
and increased healthcare costs. Longer hospital stays are often associated with a greater risk of
contracting nosocomial infections which may result in severe adverse events such as sepsis and
death. The current therapeutic strategies available to treat bacterial infections are associated with
various limitations (e.g., side effects, poor efficacy, and expensive cost) and largely do not provide

a good clinical outcome due to AMR. Therefore, there is an urgent need to develop novel
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antimicrobial agents to combat bacterial infections and eliminate the burden of AMR. Green silver
nanotechnology can revolutionize the field of AMR by providing alternative novel or improved
therapeutic strategies that are promising, cost-effective, and environmentally safe. Biogenic
AgNPs with antibacterial efficacy may be employed as an alternative strategy to treat bacterial
infections with AMR.

1.8.2 Aims and objectives
The main aim of this study is to investigate the antibacterial effects of biogenic silver nanoparticles

(AgNPs) synthesized using Manihot esculenta (cassava) aqueous leaf extract.
The specific objectives of this research are as follows:

1. Prepare an aqueous plant extract from the Manihot esculenta (cassava) leaves

2. Evaluate the effect of temperature, pH, extract concentration, silver nitrate concentration, and
reaction time on the synthesis of AgNPs using the cassava leaf extract (CLE)

3. Synthesize AgNPs using all the optimized conditions for CLE-AgNPs synthesis

4. Characterize the biogenic CLE-AgNPs

5. Determine the stability of the CLE-AgNPs in media

6. Assess the antibacterial activity of CLE and CLE-AgNPs against ESKAPE pathogens

1.8.3 Primary research question
The primary research question for this study is, “Do biogenic silver nanoparticles (AgNPs)
synthesized using an aqueous leaf extract from Manihot esculenta (cassava) possess antibacterial

properties?”’

1.8.4 Hypothesis
The hypothesis that will be tested is: “Phytochemicals present in the aqueous leaf extract from
Manihot esculenta (cassava) may act as reducing, stabilizing, and capping agents in the formation

of AgNPs with antibacterial properties.”
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CHAPTER 2: MATERIALS AND METHODS

2.1. Materials — Reagents, Equipment, and Suppliers

Table 2.1: Materials and reagents used and their suppliers.

Materials and reagents used Supplier Company location

AlamarBlue™ cell viability reagent Thermo Fisher Scientific Massachusetts, United
States of America (USA)

Bovine serum albumin (BSA) Roche Basel, Switzerland

Cell culture flasks (25 cm?and 75 cm?)  SPL Life Sciences Kyonggi-do, South
Korea

Ciprofloxacin Sigma-Aldrich Missouri, USA

Conical tubes (15 ml and 50 ml) SPL Life Sciences Kyonggi-do, South
Korea

Disposable cuvette (DTS0012) Malvern Instruments Worcestershire, United
Kingdom (UK)

Disposable folded capillary cell Malvern Instruments Worcestershire, UK

(DTS1070)

Folin-Ciocalteu (FC) reagent Sigma-Aldrich Missouri, USA

Gallic acid Sigma-Aldrich Missouri, USA

Hydrochloric acid (HCI) Merck New Jersey, USA

Millipore 0.45-micron filter paper Sigma-Aldrich Missouri, USA

Millipore Ultra-purified distilled Thermo Fisher Scientific Massachusetts, USA

water (18.2 MQ cm at 25 °C)

Mueller Hinton agar Sigma-Aldrich Missouri, USA

Mueller Hinton broth Sigma-Aldrich Missouri, USA

Sodium carbonate (Na,COs) Sigma-Aldrich Missouri, USA

Nitric acid (HNO3) Kimix Cape Town, Republic of
South Africa (RSA)

Phosphate buffered saline (PBS) Lonza Basel, Switzerland

Polystyrene 96-well microtiter™ plates  Greiner Bio-One (Lasec) Cape Town, RSA
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Silver nitrate (AgNOs3)
Sodium hydroxide (NaOH)
Sterile cotton swabs
Sterile loops

Whatman No. 1 filter paper

Sigma-Aldrich
Sigma-Aldrich
Lasec
Lasec
Sigma-Aldrich

Missouri, USA
Missouri, USA
Cape Town, RSA
Cape Town, RSA
Missouri, USA

Table 2.2: Equipment used and their suppliers.

Equipment

Supplier

Company location

Analytical weighing balance

Blender

Centrifuge 5415D

Desiccator

High-Resolution Transmission Electron
Microscope (FEI Tecnai G2 20 FEG)
IncoTherm Oven

Incubator

Fourier-Transform Infrared
Spectrophotometer Perkin Elmer
Spectrum 400

Laminar flow hood

pH meter — Crison Basic 20
POLARstar Omega Plate Reader
Sorvall Lynx 6000 Centrifuge

Stuart Heat-Stir CB162 Hot Plate
Thermomixer Comfort

Vacuum Filtration System

Varian 710-ES Inductively Coupled
Plasma Optical Emission Spectrometer
VirTis freeze dryer - BenchTop Pro with
Omnitronics

Zetasizer — Nano-ZS90 System

Ohaus Adventurer
Panasonic
Eppendorf
Thomas Scientific

Thermo Fisher Scientific

Labotec
Thermo Fisher Scientific

Perkin Elmer

Thermo Fisher Scientific
Lasec

BMG Labtech

Thermo Fisher Scientific
Lasec

Eppendorf

KNF Labotech

Varian

SP Scientific

Malvern Instruments

New Jersey, USA
Osaka, Japan
Hamburg, Germany
New Jersey, USA
Massachusetts, USA

Cape Town, RSA
Massachusetts, USA
Waltham, USA

Massachusetts, USA
Cape Town, RSA
Ortenberg, Germany
Massachusetts, USA
Cape Town, RSA
Hamburg, Germany
Cape Town, RSA
California, USA

Pennsylvania, USA

Worcestershire, UK
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Table 2.3: Bacterial strains and their suppliers.

Bacterial strain ATCC number  Gram reaction  Supplier
Staphylococcus aureus 25923 gram-positive ATCC*
Methicillin-resistant Staphylococcus aureus 33591 gram-positive ATCC
Escherichia coli 35218 gram-negative ~ ATCC
Pseudomonas aeruginosa 27853 gram-negative ~ ATCC
Klebsiella pneumoniae 13883 gram-negative ~ ATCC
Acinetobacter baumannii 19606 gram-negative ~ ATCC

*The bacterial strains used in this study were acquired from American Type Culture Collection

(ATCC) (Virginia, USA) and used as representative bacterial strains for the testing of the

antibacterial activity of the CLE-AgNPs.
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2.2 Research Methodology
2.2.1 Preparation of aqueous Manihot esculenta (cassava) leaf extract

Fresh leaves of the Manihot esculenta (cassava) plant were harvested during summer (February
2021) by Prof. Abram Madiehe in Kuilsriver, Cape Town, SA. The leaves were thoroughly washed
with deionized distilled water (ddH20) and dried in an oven for 72 hrs at 50 — 55 °C. After drying,
the plant material was homogenized using a blender. One hundred grams (100 g) of plant material
was added to 1 L of boiling sterile ddH20 with stirring using a magnetic stirrer. The mixture was
allowed to cool down to room temperature (RT). The 0.1 % (w/v) mixture was left to macerate by
magnetic stirring for 24 hrs at RT. The mixture was vacuum filtered through glass wool to remove
the bulk plant material, and the filtrate was centrifuged at 9 000 rpm for 20 mins at 4 °C. The
supernatant was vacuum filtered through Whatman No. 1 filter paper and further micro-filtered
using Millipore 0.45 um filter paper. The filtrate was frozen overnight at — 80 °C and freeze-dried
for 3 days. Organoleptic observation of the cassava leaf extract (CLE) was conducted before the
CLE was weighed and stored at RT in a desiccator with silica gel beads in the dark until further

use. Schematic diagram of the preparation of aqueous CLE is depicted in Figure 2.1.

Cassava leaf (CL) CL powder Mixture of CL and ddH,0 CLE powder

Figure 2.1: Schematic diagram of the preparation of aqueous CLE.

2.2.2 Optimization and synthesis of CLE-AgNPs

CLE and 1 mM AgNO3z were mixed in a volume ratio of 1:10 (v/v) in a final reaction volume of
400 pl, and mixed in an Eppendorf thermomixer for the optimization of synthesis conditions. To
investigate the influence of various reaction parameters, namely, pH, temperature, the
concentration of CLE, and the concentration of AgNOs, on the synthesis of CLE-AgNPs, these

parameters were altered for each set of reactions, and the optimum conditions for CLE-AgNPs
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synthesis were determined. To prevent photoactivation of AgNO3, the CLE-AgNPs were protected
from light during synthesis by covering the samples with aluminium foil. A colour change from

light yellow to brown indicated the successful synthesis of CLE-AgNPs.

2.2.2.1 Effect of pH vs. temperature on CLE-AgNPs synthesis

A stock of 125 mg/ml CLE was prepared in sterile ddH20 and adjusted to a range of pH values.
Firstly, the biological pH of the CLE was determined (pH 5.87), then the pH was adjusted to pH 4
and 5 using 0.1 M HCl and pH 6, 7, 8, 9, and 10 using 0.1 M NaOH. The final concentration of all
newly prepared samples was 12.5 mg/ml. The CLE samples were centrifuged at 13 200 rpm for
10 min and the pellet was discarded. The supernatants were used in the synthesis of the CLE-
AgNPs. Subsequently, 40 pl of 12.5 mg/ml CLE concentration at the various pH values were
mixed with 360 pl of 1 mM AgNOs in 2 ml tubes, respectively. The samples were transferred to
the Eppendorf thermomixer comfort and subjected to shaking at 500 rpm for 1 hr at 100 °C. After
synthesis, the samples were cooled to RT and centrifuged for 15 min at 13 200 rpm. The
supernatants were removed, and the pellets were resuspended in 400 ul of sterile ddH20. The
procedure was repeated for the following temperatures: 90, 80, 70, 60, 50, 37, and 25 °C.

2.2.2.2 Effect of CLE concentration on CLE-AgNPs synthesis

Various concentrations (1.56, 3.125, 6.25, 12.5, 25, 50 and 100 mg/ml) of CLE (40 pl) at pH 10
were mixed with 360 pl of 1 mM AgNOs in 2 ml tubes, respectively. The samples were transferred
to the Eppendorf thermomixer comfort and subjected to shaking at 500 rpm for 1 hr at 100 °C.
After 1 hr, the CLE-AgNPs were cooled to RT and centrifuged for 15 min at 13 200 rpm. The
supernatants were removed, and the pellets were resuspended in 400 ul of sterile ddH20. The

experiment was performed in triplicate.

2.2.2.3 Effect of AgQNOs concentration on CLE-AgNPs synthesis

Forty microlitres (40 pl) of CLE (6.25 mg/ml, pH 10) was mixed with 360 pl of AgNOs at various
concentrations (0.25, 0.5, 0.75, 1, 2, 3, 4, and 5 mM) in 2 ml tubes, respectively. The samples were
transferred to the Eppendorf thermomixer comfort and subjected to shaking at 500 rpm for 1 hr at
100 °C. After 1 hr, the CLE-AgNPs were cooled to RT and centrifuged for 15 min at 13 200 rpm.
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The supernatants were removed, and the pellets were resuspended in 400 pul of sterile ddH.O. The

experiment was performed in triplicate.

2.2.2.4 Effect of reaction time on CLE-AgNPs synthesis

One hundred microlitres (100 ul) of CLE (6.25 mg/ml, pH 10) was mixed with 900 pl of 3 mM
AgNOs3. The samples were transferred to the Eppendorf thermomixer comfort and subjected to
shaking at 500 rpm at 100 °C. The UV-vis spectra were measured after 5, 10, 15, 30, 45, 60, 120,
180, 240, 300, 360, 720, 1440, 2880, and 4320 min.

2.2.2.5 Effect of reaction time vs. CLE concentration on CLE-AgNPs synthesis

Forty microlitres (40 pl) of CLE (pH 10) at various concentrations (3.125, 6.25, 12.5 and 25mg/ml)
were mixed with 360 pl of 3 mM AgNOg, respectively. The samples were transferred to the
Eppendorf thermomixer comfort and subjected to shaking at 500 rpm for 72 hrs at 25 °C. After 72
hrs, the CLE-AgNPs were centrifuged for 15 min at 13 200 rpm. The supernatants were removed,
and the pellets were resuspended in 400 pl of sterile ddH2O. The experiment was performed in

triplicate.
2.2.3 Upscaling of CLE-AgNPs synthesis

The synthesis of the CLE-AgNPs was upscaled to a final volume of 50 ml for further
characterization, stability assays, and biological applications using the optimum conditions of pH
(pH 10), temperature (25 °C), CLE concentration (12.5 mg/ml), AgNOs concentration (3 mM),
reaction time (72 hrs) and shaking at 500 rpm for synthesis. After synthesis, the CLE-AgNPs
samples were washed by centrifugation at 13 200 rpm for 15 min and the pellet was resuspended

in sterile ddH-O to a final volume of 50 ml. The experiment was performed in triplicate.

2.2.3 Characterization of CLE-AgNPs

Various analytical techniques, such as Ultraviolet-Visible (UV-vis) Spectroscopy, Dynamic Light
Scattering (DLS), High-Resolution Transmission Electron Microscopy (HR-TEM), and Fourier-
Transform Infrared (FTIR) Spectroscopy, were employed in the characterization of the CLE-
AgNPs.
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2.2.3.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy was used to confirm the formation of CLE-AgNPs by
observing the surface plasmon resonance (SPR) properties of the biogenic AgNPs. The presence
of CLE-AgNPs was confirmed using a POLARstar Omega microplate reader, by monitoring the
reduction of silver ions. The absorbance spectra readings were measured in a wavelength (A) range
of 300 to 800 nm. The CLE-AgNPs samples were diluted in a 1:10 (v/v) ratio with sterile ddH20
in a final volume of 300 pl in a 96-well flat-bottom microtiter plate. The data obtained were

analysed using Omega Mars and Microsoft Excel software.

2.2.3.2 Dynamic Light Scattering

The hydrodynamic size, size distribution, polydispersity index (PDI), and zeta potential (-
potential) of the CLE-AgNPs were analysed using a Malvern Zetasizer Nano ZS90. To determine
the hydrodynamic size and PDI, the CLE-AgNPs samples were diluted in a 1:10 (v/v) ratio with
sterile ddH20 and transferred into a 10 mm optical density square polystyrene cuvette. The CLE-
AgNPs solution was analysed at 25 °C and 90° angle using DLS. For {-potential measurements,
0.7 ml of the diluted sample of CLE-AgNPs was transferred into a disposable folded capillary cell
and analysed at a voltage of 4 mV at 25 °C and 90° angle.

2.2.3.3 High-resolution transmission electron microscopy

High-resolution transmission electron microscopy (HR-TEM) was used to characterize the core
size and morphology of the synthesized CLE-AgNPs. The samples were prepared by placing one
drop of sample onto a carbon-coated copper grid, which was then allowed to dry under a xenon
lamp for 10 min before being analysed and viewed using an FEI Tecnai G2 20 field-emission gun
HR-TEM microscope. The microscope was operated in a bright field mode at an accelerating
voltage of 200 kV. Micrograph images were taken and used to estimate the core size of the CLE-
AgNPs using ImageJ analysis software (National Institute of Health, USA) and OriginPro 2021

software.

2.2.3.4 Fourier-transform infrared spectroscopy

FTIR analysis was performed to determine the possible compounds responsible for CLE-AgNPs
synthesis. Freeze-dried CLE and CLE-AgNPs were individually mixed and ground with potassium
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bromide (KBr) in a pestle and mortar. The powdered mixtures were pressed into a pellet and
analysed on an Attenuated Total Reflectance (ATR) element using a Perkin EImer Spectrum 400
FTIR spectrometer. Pressed pure KBr was used for background correction. The data was analysed
using Spectrum and OriginPro 2021 software.

2.2.3.5 Induced coupled plasma optical emission spectrometry

Induced coupled plasma optical emission spectrometry (ICP-OES) was used to determine the
concentration of silver in the CLE-AgNPs. A Varian 710-ES ICP Optical Emission Spectrometer
(\Varian) was used for this analysis. Argon gas was used for the excitation of silver atoms. Before
the ICP-OES quantification of silver occurred, acid digestion of the CLE-AgNPs was performed.
An aliquot of 1 ml of CLE-AgNPs was centrifuged at 13 200 rpm for 15 mins at 25 °C. The
concentrated pellet of CLE-AgNPs was transferred to a clean glass vial. Two ml of freshly
prepared aqua regia (3 HCI:1 HNOs3) solution was mixed with the CLE-AgNPs in the glass vial
and incubated at 90 °C for 24 hrs. After incubation, the remaining solution was diluted to 10 mL
with 2% HCI. The experiment was performed in triplicate. The samples were sent to the Chemistry
Department at the University of the Western Cape for further analysis. The values reported were
based on a calibration curve using a silver ICP standard (Sigma-Aldrich). The formula below was
used to calculate the concentration of silver in the sample:

Concentration of silver (%) = Amount of silver detected X dilution factor

2.2.4 Further analysis of CLE and CLE-AgNPs
2.2.4.1 Determination of total phenolic content (TPC) of CLE and CLE-AgNPs

To estimate and compare the phenolic content of CLE and CLE-AgNPs, the total phenolic content
(TPC) was determined according to a reported method with slight modifications (Ghosh et al.,
2012). Standard solutions of gallic acid (15.13, 31.25, 62.5, 125, 250, and 500 ug/ml) were
prepared and 25 pl of each concentration of gallic acid standards, 1% CLE and CLE-AgNPs were
added to a 96-well plate, respectively. Twenty-five ul of ddH>O was added to a well as the blank
control. This step was followed by the addition of 125 pl of 7.5 % Na>CO3 and 125 pl of 10 %
Folin-Ciocalteu (FC) reagent to all wells. The 96-well plate was incubated at RT for 20 min and

the absorbance was measured at 760 nm using a spectrophotometer (POLARstar Omega
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microplate reader, BMG Labtech, Germany). A standard gallic acid curve was used to determine
the total phenolic content of the CLE and CLE-AgNPs. The experiment was performed in
triplicate.

2.2.4.2 Stability analysis of CLE-AgNPs

This study evaluated the stability of the CLE-AgNPs in MHB, dH-0, and ddH20. In 15 ml Greiner
tubes, MHB, dH-0, and ddH->O were mixed with CLE-AgNPs ina 1:10 (v/v) ratio in a final volume
of 1 ml, respectively. The samples were placed in an incubator at 37 °C. Aliquots of 100 ul were
plated in a 96-well plate after 0, 3, 6, and 24 hrs to take UV-vis spectra measurements in a range
of 300-900 nm, and the stability of the CLE-AgNPs was determined by observing any changes in
the UV-vis spectra (POLARstar Omega microplate reader, BMG Labtech, Germany). The

experiment was performed in triplicate.

2.2.5 Antibacterial activity of CLE-AgNPs
2.2.5.1 Bacterial strains

Staphylococcus aureus (S. aureus, ATCC 25923), Methicillin-resistant Staphylococcus aureus
(MRSA, ATCC 33591), Escherichia coli (E. coli, ATCC 35218), Pseudomonas aeruginosa (P.
aeruginosa, ATCC 27853), Klebsiella pneumoniae (K. pneumoniae, ATCC 13883), and
Acinetobacter baumannii (A. baumannii, ATCC 19606) were acquired from American Type
Culture Collection (ATCC) (Virginia, USA) and used as representative bacterial strains for the
testing of the antibacterial activity of the CLE-AgNPs.

2.2.5.2 Standardization of microbial tests using MacFarland turbidity standard

The antibacterial tests were standardized by making use of the MacFarland turbidity standard. The
standard was used as a reference to adjust the turbidity of the bacterial suspensions so the number
of bacteria to be used in the assay fell within a particular range. Bacterial strains were individually
cultured onto Mueller Hinton agar (MHA) plates and incubated at 37 °C for 24 hrs. Single colonies
from the individual bacterial cultures were inoculated in 2 ml of Mueller Hinton broth (MHB) and
incubated for 2 hrs at 37 °C in a shaking incubator at 200 rpm. Subsequently, the optical density
(OD) of the bacterial suspensions was measured at a wavelength of 600 nm using the
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spectrophotometer. The OD value was adjusted to 0.08-0.12 which is the equivalent to the 0.5
MacFarland turbidity standard (~ 1.5 x 108 CFU/ml).

2.2.5.3 Determination of antibacterial activity using agar well diffusion method

The agar well diffusion method was used to study the antibacterial activity of the CLE and CLE-
AgNPs. The bacterial suspensions at 0.5 MacFarland turbidity standard were uniformly spread
onto MHA plates using sterile cotton swabs, respectively. After 5 min of pre-incubation, seven
wells (6 mm in diameter) were punched into the MHA plates using a sterile P200 yellow tip. The
wells were then filled with 50 pl of five different concentrations of CLE and CLE-AgNPs,
respectively. For the negative control, 50 ul of MHB was added to the well. For the positive
control, 50 ul of 15 ug/ml Ciprofloxacin was added to the well, except for E. coli where 10 ug/ml
Ciprofloxacin was added to the well. The MHA plates were allowed to dry for 1 hr before being
inverted and incubated at 37 °C for 24 hrs. The diameter of the zone of inhibition was measured
using a ruler to evaluate the antibacterial activity of the CLE and CLE-AgNPs. The experiment

was performed in triplicate.

2.2.5.4 Determination of minimum inhibitory concentration

The microdilution assay was used to determine the minimum inhibitory concentration (MIC) of
the CLE-AgNPs. Microbial cultures were prepared to a MacFarland turbidity standard as described
in 2.2.6.2. The bacterial suspensions were further diluted in a 1:150 (v/v) ratio with MHB and 50
pl of the bacterial suspensions was added to a Greiner Bio-One 96-well flat-bottom polystyrene
microtiter™ plate followed by the addition of 50 pl of CLE-AgNPs (serially diluted in sterile
ddH-0) with decreasing concentrations (100, 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78 %). For the
negative control, 50 ul of MHB was added to the well. For the positive control, 50 pl of 15 ug/ml
Ciprofloxacin was added to the well, except for E. coli where 10 ug/ml Ciprofloxacin was used
instead. The plates were sealed and incubated at 37 °C for 24 hrs. After incubation, 10 pl of
AlamarBlue™ was added to each well and the plate was covered in foil and incubated for 4 hrs.
The non-fluorescent AlamarBlue™ dye (resazurin) is reduced to resofurin, a highly fluorescent
pink compound, in the presence of viable bacteria, and, thus, it is used as a colourimetric indicator
of viable/non-viable bacteria. Moreover, the intensity of the pink colour and fluorescence is

proportional to the number of viable cells present. The MIC was determined as the lowest
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concentration where no microbial growth was observed in the wells as well as by
spectrophotometry (POLARstar Omega microplate reader, BMG Labtech, Germany) at an
absorbance wavelength of 570 nm (reference wavelength at 600 nm) and a fluorescence
excitation/emission wavelength of 530-560/590 nm, respectively. The experiment was performed

in triplicate.

2.2.5.5 Determination of minimum bactericidal concentration

The minimum bactericidal concentration (MBC) was determined by subculturing the bacterial
culture/CLE-AgNPs mixture from the wells that showed no microbial growth (wells that had no
colour change) in the microdilution assay onto MHA plates. The plates were incubated at 37 °C
for 24 hrs. The MBC was recorded as the lowest concentration at which no growth was observed

on the culture plates. The experiment was performed in triplicate.
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CHAPTER 3: RESULTS AND DISCUSSION

In recent years, green synthesis of MNPs has received great attention from researchers (Beyene et
al., 2017). It has been established as a cost-effective, energy-efficient, and environmentally
friendly method that adheres to the sustainable green chemistry principles and makes use of natural
reducing and capping agents, making it the preferred method of NP synthesis (Bold et al., 2022;
Soltys et al., 2021; Bhardwaj et al., 2020; Chung et al., 2016; Rigo et al., 2013). The use of plant
extracts in the synthesis of MNPs is advantageous due to the biocompatibility of phytochemicals
present in the extracts and their ability to facilitate the formation of MNPs by acting as reducing
and capping agents. The biocompatibility of phytochemicals is conferred onto the synthesized
MNPs as the phytochemicals coat the surface of the MNPs (Sharma et al., 2019). The
functionalization and stabilization of MNPs are also achieved by using capping agents which also
controls their size and shape and protects the NP surface to prevent aggregation (Chinnasamy et
al., 2021; Sharma et al., 2019; Noruzi, 2015). Medicinal plants, such as cassava, are rich in
phytochemicals that should be further explored for their potential benefits in MNPs synthesis (Bold
et al., 2022). The medicinal properties of phytochemicals can be introduced to NPs resulting in the
enhancement of biological activities of the NPs (Gnanajobitha et al., 2013). Moreover, recent
literature reports on the utilization of biodegradable food waste for the manufacturing of NPs
(Sharma et al., 2019). The proper management of biowaste plays a key role in ensuring the
sustainability of the bioeconomy (Ortega et al., 2022). Thus, the use of cassava biowaste as a
source of phytochemicals to be employed in AgNPs synthesis is an opportunity for the valorisation
of cassava biowaste, manufacturing of new high-value biobased products and ensuring a
sustainable bioeconomy (Amelework et al., 2021; Oghenejoboh et al., 2021; Olukanni and
Olatunji, 2018).

The use of noble metals in MNPs synthesis is appealing as MNPs are endowed with characteristics
that make them favourable for various applications in medicine, biology, material science, physics,
and chemistry (Rafique et al., 2017; Chung et al., 2016). Silver is predominantly used in nano-
based therapies mainly due to its inherent antimicrobial properties (Chinnasamy et al., 2021;
Chung et al.,, 2016). Generally, AgNPs are of particular interest due to their unique
physicochemical properties and LSPR which set them apart from other MNPs (Burdusel et al.,

2018). The characteristics of AgNPs make them relevant for medical and pharmaceutical
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applications where they may function as antimicrobial agents for the efficient prevention and/or
treatment of infections (Bruna et al., 2021; Chung et al., 2016). Previous literature has proven that
AgNPs are beneficial in wound-healing largely due to their antimicrobial activity. AgNPs are also
used in cosmetics, electronics, optics, catalysis, and Raman scattering due to their catalytic,
anticancer, antioxidant, anti-inflammatory, and antiviral activity for which they are also well-
known (Sharma et al., 2020; Simdes et al., 2020; Chung et al., 2016).

The biological properties of AgNPs are usually influenced by their physicochemical properties
which are impacted by various reaction parameters of AgNPs synthesis. The intended application
of AgNPs should be considered when performing the optimization of the reaction parameters as it
is based on the biological properties they exhibit after synthesis with optimized conditions (Bruna
et al., 2021; Singh et al., 2020; Ahmed et al., 2016a). The optimization of biosynthesis reaction
conditions namely, pH, temperature, the concentration of plant extract, and the concentration of
metal precursor salt on the synthesis of AgNPs, enables simple alteration of shape, size, surface
chemistry and distribution of AgNPs (Sidhu et al., 2022; Chung et al., 2016; Zhang et al., 2016).
It is essential that high yields of stable AgNPs with good monodispersity (uniform size and shape)
are synthesized. Hence, performing the characterization of AgNPs during and after the
optimization of reaction parameters of AgNPs synthesis is paramount to understand the potential
of the synthesized AgNPs (Bruna et al., 2021; Singh et al., 2020). Since AgNPs display variable
antibacterial activity based on their physicochemical properties, the production of AgNPs with
desirable antibacterial efficacy can be achieved through modifications of the reaction parameters

to produce a promising antibacterial agent with optimized properties (Bruna et al., 2021).

This chapter reports and discusses the results of the green synthesis and characterization of
biogenic AgNPs and the investigation of their in vitro antibacterial effects. In this study, biogenic
AgNPs were synthesized using an aqueous CLE, and the synthesized CLE-AgNPs were
characterized using UV-vis spectroscopy, DLS, {-potential, HR-TEM, and FTIR. The in vitro
antibacterial effects of the biogenic CLE-AgNPs were tested against six human pathogenic
bacteria associated with AMR namely, S. aureus, MRSA, E. coli, P. aeruginosa K. pneumoniae,
and A. baumannii, using conventional microbiological testing methods such as agar well diffusion,
microdilution assay to obtain the minimum inhibitory concentration (MIC), and minimum

bactericidal concentration (MBC).
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3.1 Visual observation of synthesis of CLE-AgNPs

AgNPs were synthesized using a green synthesis method in which an aqueous plant extract (CLE)
mediated the synthesis of AgNPs as the reducing agent and AgNOs as the silver (Ag*") ion
precursor. The bioreduction reaction was visually observed for a visible change in the colour of
the CLE-AgNO3s mixture solution (Figure 3.1). The CLE had a golden-brown hue before being
mixed with the clear AgNOs solution to give a slightly darker golden-brown hue CLE-AgNO3
mixture. An evident colour change which intensified over time from golden-brown to dark brown
was observed, indicating the formation of AgNPs from the Ag* ion precursor. The colour change
can be attributed to the surface plasmon resonance (SPR) and bioreduction of Ag® by
phytochemicals present in the CLE (Dada et al., 2019). Moreover, the colour change has been
previously reported to preliminary confirm the formation of AgNPs as it is expected that AgQNPs
have a characteristic brown colour (Tenderwealth et al., 2018). Another study by Bold et al. (2022)
showed that the colour change from pale yellow to colloidal dark brown as a function of time is
an indication that AgNPs have been successfully synthesized (Bold et al., 2022). It is characteristic
of several types of MNPs to exhibit distinct colours in solution due to their optical properties. The
colour exhibited by AgNPs is due to their LSPR properties. The strong absorption and scattering
of light properties of AgNPs give rise to strong interactions between light at definite wavelengths
in the visible region of the electromagnetic spectrum and the conductive electrons in the metal

surface leading to different colouring absorbed and reflected (Al Azad et al., 2017).
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Figure 3.1: Schematic diagram of CLE-mediated synthesis of AgNPs.
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3.2. Characterization of synthesized CLE-AgNPs
3.2.1. UV-vis spectroscopy of CLE-AgNPs

Various reaction conditions such as pH, temperature, extract, and silver nitrate concentration may
affect the physicochemical properties of the CLE-AgNPs which influences their application (Singh
et al., 2020). Consequently, the intended application needs to be considered when optimizing
reaction parameters as it is often important that high yields of stable AgNPs with good
monodispersity (uniform size and shape) are synthesized. For further confirmation of the
successful synthesis of CLE-AgNPs, UV-vis spectroscopy was used to monitor the SPR band of
CLE-AgNPs.

3.2.1.1. Effect of pH vs. temperature on CLE-AgNPs

Figure 3.2 displays the effect of varying pH and temperatures on the formation of CLE-AgNPs.
The presence of the SPR peak in the UV-vis absorption spectra along with a colour change of the
reaction mixture as previously mentioned indicates the successful formation of AgNPs. The colour
change is due to the SPR of the synthesized NPs (Dube et al., 2020; Ahmed et al., 2016b).
According to literature, the SPR band of AgNPs is normally observed in the range of 380 to 450
nm (Lee and Jun, 2019). Other studies have reported that the SPR band of AgNPs can also be
found between 400-500 nm (Bold et al., 2022). The intensity of the SPR absorbance peak or
‘maximum absorbance’ (Amax) provides information regarding the size and concentration of the
synthesized NPs (Dube et al., 2020). Another study reported that the change of the colour from
transparent to yellowish-brown took place gradually and it correlated to the formation of AgNPs
synthesized with M. esculenta. The process of nucleation is associated with the change of the
colour as once the formation of NPs stops, the colour also stops changing and stays constant
(Wattimena et al., 2022).
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Figure 3.2: UV-vis absorption spectra for various reactions showing the effect of varying pH
and temperatures on the formation of CLE-AgNPs (A: 25, B: 37, C: 50, D: 60, E: 70, F: 80, G:

90 and H: 100 °C).

73

http://etd.uwc.ac.za/




Figure 3.2. A show that there was no significant reduction of the Ag*to AgNPs at 25 °C for any
of the pH conditions, as no SPR peaks nor any change in colour of reaction mixtures were
observed. In previous studies, the absence of a colour change and characteristic SPR peaks
indicated that the synthesis of NPs was a failure (Philip et al., 2011). This may be due to a lack of
strong reducing phytochemicals in the CLE and/or the existing phytochemicals demands the use
of higher temperatures to initiate the reduction reaction (Tyavambiza et al., 2021). Moreover, the
CLE was incubated with AgNO3 for only 1 hr and the reaction may have required longer periods
of incubation to initiate the reduction process of Ag* to AgP by the CLE at low temperatures. When
the temperature of the reaction is increased then the rate of reaction and rate of particle formation
is increased as well. Moreover, when the reaction is allowed to run for longer periods, changes in
the size and shape of synthesized NPs can be observed (Zhang et al., 2020a; Makarov et al., 2014;
Park, 2014).

Figure 3.2. B shows that the reduction of the Ag*to Ag® occurred at 37 °C as there was a broad
SPR band observed for pH 10. No SPR peaks were observed for the remaining pH values
indicating that CLE-AgNPs were only formed at pH 10 when incubated at this particular
temperature. The CLE-AgNPs synthesized at pH 10 had a Amax at 428 nm and OD value of 0.103.
This may have occurred due to the fact that adjustments made to the pH results in a change in the
charge of the phytochemicals present in the extract. Previous studies have displayed that synthesis
of NPs at this pH could be due to the dissociation of NaOH in water which generates negatively
charged hydroxide ions (OH-) which enhances the complete reduction of Ag*ions into AgNPs
(Traiwatcharanon et al., 2016). The deprotonation of functional groups present in the biomolecules
allows for the adsorption of Ag*ions by electrostatic attraction or affinity interaction resulting in
the AgNPs with small size and well-dispersed distribution (Miranda et al., 2022).

Figure 3.2. C shows that two broad SPR bands were observed for pH 9 and 10 indicating CLE-
AgNPs synthesis at 50 °C. No SPR peaks were observed for the remaining pH 4-8 indicating that
there was no synthesis of CLE-AgNPs at the pH values within this range. The absence of SPR
peaks at low pH values demonstrates that acidic conditions are not favourable for the synthesis of
AgNPs. It is possible that the biomolecules that facilitate the bioreduction process of Ag*ions into
AgNPs may have been protonated under acidic conditions, therefore, the synthesis of NPs did not
occur (Omran et al., 2018). The CLE-AgNPs synthesized at pH 9 had a Amax at 382 nm and an
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OD value of 0.076 and the CLE-AgNPs synthesized at pH 10 had a Amax at 398 nm and an OD
value of 0.155. The peak for pH 10 at 50 °C had an OD value higher than the peak for pH 10 at 37
°C. The difference in the values of Amax and OD signifies the differences in the NP size and
concentration (Tripathy et al., 2010). Moreover, it has been demonstrated that increased
temperatures increase the rate at which AgNPs synthesis are formed. Sankar and colleagues (2013)
showed that AgNPs synthesised with aqueous leaf extract of Origanum vulgare at 60 °C had a
conversation rate of Ag" ions to AgNPs of 45% whilst the conversation rate at 90 °C was 100%
(Sankar et al., 2013). The temperature of the reaction influences the rate at which AgNPs grow,
thus, an increase in temperature results in the faster growth of AgNPs (Dawadi et al., 2021;
Venugopal et al., 2017).

Figure 3.2. D shows the successful synthesis of CLE-AgNPs at 60 °C, four broad SPR peaks were
observed for pH 7, 8, 9 and 10. There were no SPR peaks observed for pH 4-6. The CLE-AgNPs
synthesized at pH 7, 8, 9 and 10 had Amax at 466, 472, 449, and 432 nm with OD values of 0.094,
0.104, 0.182, and 0.183, respectively. At this temperature, the peaks for pH 9 and 10 had slightly
higher OD values than the peaks for the same pH values at 50 °C. Broader bands may be due to
the insufficient number of biomolecules required for capping and stabilizing of the synthesized
NPs (Dube et al., 2020; Philip et al., 2011).

Figure 3.2. E shows CLE-AgNPs were successfully synthesized at all pH values besides pH 4 and
5 at 70 °C with broad SPR bands at pH 6-10. The SPR bands for pH 6, 7, 8, 9, and 10 had Amax
at 461, 438, 438, 440, and 435 nm, with OD values of 0.075, 0.03, 0.063, 0.244, and 0.296,
respectively. The SPR peaks for pH 9 and 10 had higher OD values than pH 6, 7, and 8. The SPR
bands for pH 6, 7, and 8 were quite broad and relatively flat. At this temperature, an increase of
more than 0.1 in the OD values for pH 10 was observed as compared to the peak for the same pH
value at 60 °C.

Figure 3.2. F shows that the same findings observed at 70 °C was observed at 80 °C, CLE-AgNPs
were successfully synthesized at all pH values besides pH 4 and 5 with broad SPR bands at pH 6-
10. The SPR bands for pH 6, 7, 8, 9, and 10 had Amax at 447, 421, 433, 444, and 432 nm, with OD
values of 0.081, 0.061, 0.104, 0.23, and 0.389, respectively. The SPR peak for pH 10 was

significantly higher than the peaks for the rest of the pH values that were able to facilitate the
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synthesis of CLE-AgNPs. This finding further confirms that AgNPs synthesis is favoured by basic

conditions.

Figure 3.2. G shows that the same phenomenon that occurred at 70 and 80 °C was observed at 90
°C with the CLE-AgNPs being successfully synthesized at all pH values besides pH 4 and 5. SPR
bands were observed for pH 6-10. The SPR bands for pH 6, 7, 8, 9, and 10 had Amax at 448, 451,
446, 444, and 416 nm, with OD values of 0.131, 0.121, 0.111, 0.308, and 0.382, respectively. The
SPR bands were broad with a low OD for pH 6, 7, and 8, indicating high polydispersity and low
concentration as compared to the SPR bands of pH 9 and 10 which were broad with a higher OD

indicating higher concentrations of CLE-AgNPs being produced.

Figure 3.2. H shows that CLE-AgNPs were synthesized at all pH values besides pH 4 at 100 °C.
SPR peaks were observed for pH 5-10. The SPR bands for pH 5, 6, 7, 8, 9, and 10 had Amax at
440, 447, 438, 440, 441, and 412 nm, with OD values of 0.088, 0.183, 0.272, 0.177, 0.123, and
0.336, respectively. The SPR peak for pH 10 had the highest OD value indicating that more CLE-
AgNPs were synthesized at this pH as compared to the other pH values. The SPR bands showed
an increase in the SPR peaks from pH 5 to 7 before decreasing at pH 8 and 9 indicating that the
temperature was not favourable for the optimal synthesis of CLE-AgNPs at the latter pH values.
The SPR band for pH 10 (Amax at 412 nm) showed that the CLE-AgNPs were blue-shifted which
indicated that CLE-AgNPs of small size were produced. Numerous studies have proven that NPs
synthesized using plant extract-mediated methods produce larger NPs at acidic pHs (pH 2-4) in
comparison to basic pHs. Reyes and colleagues (2020) reported that NPs formed at basic pHs are
smaller in size and are generally formed in higher yields (Miranda et al., 2022; Reyes et al., 2020).
In another study, it was shown that NPs at pH 3 were greater than NPs at pH 8 indicating that

alkaline conditions are more favourable for NP synthesis (Lade and Shanware, 2020).

Notably, AgNPs were only synthesized at 70, 80, 90, and 100 °C with CLE at biological pH (pH
5.87) and CLE at pH 6 also only synthesized AgNPs at these temperatures. The AgNPs synthesized
at these pH values had similar SPR peaks in the range of 442 — 461 nm with OD values in a range
of 0.06 — 0.183. It has been previously reported that a change in pH results in a change in the
charge of polyphenols present in the extract. Studies have shown that NP synthesis occurs at high
pH due to the dissociation of NaOH in water which results in negatively charged hydroxide ions

(OH) being produced and encourages the complete reduction of Ag® into AgNPs
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(Traiwatcharanon et al., 2016). Low SPR peaks were observed at low pH ranges with no peak
being observed at pH 4 for any of the temperatures. Thus, it is shown that acidic conditions are not
favourable for the synthesis of AgNPs. Under acidic conditions, the phytochemicals which play a
role in the bioreduction of Ag* ions may become protonated and negatively affect the synthesis of
NPs (Omran et al., 2018). A previous study also reported that an alkaline environment enhanced
the reduction and stabilization capacity of the antioxidants present in hot water olive leaf extract
used to synthesise AgNPs (Dawadi et al., 2021; Khalil et al., 2014).

There was an overall increase in absorbance with increasing temperatures which indicated higher
synthesis yields. In this study, none of the pH or temperatures had OD values above 1. Although
pH 10 had the highest SPR peaks at lower wavelengths, there were also absorption tails towards
longer wavelengths (~ 500 nm) which indicated the aggregation of AgNPs. Altering the extract
and silver concentration may allow for the synthesis of stable, monodispersed AgNPs which are
desirable. The optimum temperature and pH chosen for synthesis were 100 °C and pH 10,

respectively.

Moreover, elevated temperatures facilitate the synthesis of NPs and play a role in determining the
size, shape and yield of NPs synthesized using plant extracts (Tyavambiza et al., 2021; Shah et al.,
2015; Liu et al., 2011). In this study, it was shown that with increasing temperature from 37 to 100
°C, a blue-shift of the Amax of the CLE-AgNPs synthesized at pH 10 was observed showing that
the CLE-AgNPs produced became smaller as temperature were increased. Another study also
described that basic pH conditions (pH 8-10) leads to improvements in the yield of the synthesised
AgNPs and the production of smaller sized NPs. In contrast, at acidic pH conditions, precipitation
of Ag* ions occurs and the synthesis of AgNPs is hardly observed (Sanchez-Lépez et al., 2020;
Jang et al., 2018). The results of this study are in agreement with literature that states that the

addition of —OH groups assist in the reduction process of metal ions (Feng et al., 2007).

AgNPs synthesised at ambient temperatures adheres to the green chemistry principles (Dahl et al.,
2007). However, it has been reported that an increase in temperature leads to an increase in the
average kinetic energy of molecules present in the reaction (Myers, 2003). Previous studies have
demonstrated that more uniform and smaller-sized NPs were synthesized at a faster rate with the
use of higher temperatures as compared to lower temperatures (Rajeshkumar et al., 2017;
Mountrichas et al., 2014).
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3.2.1.2. Effect of CLE concentration on CLE-AgNPs synthesis

Figure 3.3 displays the effect of varying CLE concentrations on the formation of CLE-AgNPs.
AgNPs were successfully synthesized with all CLE concentrations except 1.56 mg/ml. At a low
concentration of extract, there are fewer phytochemicals present in the reaction for the reduction
of Ag* ions to Ag®. The SPR band for 6.25 mg/ml had a Amax at 432 nm and the highest OD value
(0.371) of all the CLE concentrations used indicating the highest yield of CLE-AgNPs. This was
followed by the SPR band for 12.5 mg/ml that had a Amax at 416 nm and an OD value of 0.334.
Moreover, the SPR bands for the concentrations of 3.125, 12.5, 25, 50, and 100 mg/ml were
broader than the SPR band of 6.25 mg/ml, and absorption tails towards longer wavelengths were
present which showed aggregation of the AgNPs at these CLE concentrations. Although, the CLE-
AgNPs synthesized with 12.5 mg/ml were relatively smaller in size as compared to 6.25 mg/ml,
there was an absorption tail toward the longer wavelengths that indicate the presence of larger
AgNPs which may be due to aggregation. Therefore, the optimum concentration for CLE was

determined to be 6.25 mg/ml.

In a previous study, AgNPs were synthesized using various concentrations of tea leaf extract and
silver nitrate in order to control the size of the resulting AgNPs. It was observed that with an
increase in the extract concentration, the SPR peak got sharper with a blue shifting of colour which
indicated that there was a reduction in AgNPs diameter (Moulton et al., 2010). Low concentrations
of extract are able to reduce Ag® ions, however, they cannot protect spherical AgNPs from
agglomeration as there is too little biomolecules to act as capping agents. The number of
biomolecules present in higher concentrations of extract is able to reduce and stabilize AgNPs as
well as play a key role in the formation of spherical AgNPs (Dawadi et al., 2021). It has been
reported that extremely high concentrations of plant extract may negatively affect the formation
of NPs (Tyavambiza et al., 2021). In another study, it was also reported that an increase in the
concentration of the plant extract results in the formation of NPs with sharper absorbance peaks
(Benakashani et al., 2016). This observation agrees with the observation made in this study, where
an increase in the CLE (from 1.56 to 6.25 mg/ml) resulted in the enhancement of the formation of
CLE-AgNPs.
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Figure 3.3: UV-vis absorption spectra showing the effect of varying CLE concentration on the
formation of CLE-AgNPs. The experiment was performed in triplicate (n=3) and the graphs are

presented as average results.

3.2.1.3. Effect of AgNOs concentration on CLE-AgNPs synthesis

Figure 3.4 displays the effect of varying AgNOs concentration on the formation of CLE-AgNPs.
AgNPs were successfully synthesized at all the AgNO3 concentrations used indicated by the
presence of SPR bands. The SPR bands of the AgNPs showed that with increasing AgNOs
concentration, there was an increase in the OD values. The SPR bands of 0.25, 0.5, 0.75, 1, 2, 3,
4, and 5 AgNOs had Amax at 390, 414, 426, 428, 448, 434, 434, and 436 nm, respectively. The
SPR bands of 0.25, 0.5, 0.75, 1, and 2 mM AgNO3z were broad with a low OD indicating that the
AgNPs were polydispersed at a greater degree as compared to the other concentrations of AgNO:s.
The OD values for these concentrations were all below 0.3 while the OD values for 3, 4, and 5
mM AgNOs were 0.583, 0.7, and 0.801, respectively. It has been previously reported that NPs
synthesized with higher metal salt concentrations are prone to destabilization (Omran et al., 2018).
The initial concentration of metal ions is also directly related to the average size of NPs, therefore,
an increase in the initial metal ion concentration may lead to an increase in the size of NPs (Htwe
et al., 2019). In this study, 3 mM AgNOswas chosen as the optimum AgNOs concentration.

The findings of this study are in agreement with the findings of a previous study which reported

on the synthesis of AgNPs synthesized with M. esculenta leaf extract using AgNOs at

79

http://etd.uwc.ac.za/



concentrations of 0.5 and 1 mM. The SPR peaks observed for the reactions using 0.5 and 1 mM
AgNOs had Amax at 422 nm and 426 nm, respectively (Velayutham et al., 2016). A previous study
investigated the effect of AgNOs on synthesis of AgNPs with the concentrations of 1 and 3 mM
AgNO3, which are commonly used in the synthesis of AgNPs as reported in the literature. The
AgNPs synthesized with 3 mM AgNOs gave sharper absorbance peaks and formed a larger
quantity of AgNPs (Tyavambiza et al., 2021).
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Figure 3.4: UV-vis absorption spectra showing the effect of varying AgNOz on the formation of
CLE-AgNPs. The experiment was performed in triplicate (n=3) and the graphs are presented as

average results.

3.2.1.4. Effect of CLE concentration vs. 3mM AgNOs on CLE-AgNPs synthesis

Due to the broadness of the SPR band at 3 mM AgNOs concentration in the previous experiment,
synthesis with 3 mM AgNOzand varying concentrations of CLE (3.125, 6.25, 12.5, and 25 mg/ml)
at 25 °C for a longer period (72 hrs) was performed to determine whether more monodispersed
CLE-AgNPs with more desirable SPR properties could be synthesized. The decision to reduce the
temperature of the reaction and increase the reaction time was based on the fact that in a
preliminary study, CLE-AgNPs were synthesized at RT and UV-vis spectra were measured after
24, 48 and 72 hrs. Synthesis of CLE-AgNPs was observed after 24 hrs, however, the OD was too
low at 24 and 48 hrs indicating a low yield of CLE-AgNPs (data not shown) which was not

desirable in this study therefore the reaction was allowed to run for 72 hrs which gave satisfactory
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results for the CLE-AgNPs synthesis. Previous studies have shown the synthesis of AgNPs is
achievable at RT but over a longer period of time (Siddiqi et al., 2018).

Figure 3.5 displays the effect of varying CLE concentration on the formation of CLE-AgNPs at
25 °C for 72 hrs. CLE-AgNPs were successfully synthesized at all concentrations of CLE with an
increase in OD being observed for CLE concentrations of 3.125, 6.25, and 12.5 mg/ml.
Interestingly, a decrease in the OD was seen for 25 mg/ml CLE. The SPR bands for each
concentration became narrower with increasing CLE concentration from 3.125-12.5 mg/ml.
AgNPs synthesized at a CLE concentration of 12.5 mg/ml had a Amax at 429 nm and an OD value
of 0.597 indicating the highest synthesis yield of all CLE concentrations. Therefore, the optimum
conditions for concentration of CLE and temperature were determined to be 12.5 mg/ml and 25
°C with a reaction time of 72 hrs. A previous study reported that on the synthesis of AgNPs with
different concentrations of yellow exotic oysters mushroom (Pleurotus cornucopiae var.
citrinopileatus) extract and 1 mM AgNOs at 25 °C for 24, 48, and 72 hrs. A colour change from
yellow to yellowish-brown was observed and the SPR peak had a Amax between 420 and 450 nm,
characteristic of AgNPs. The width of the SPR band suggested that the NPs were polydispersed in
nature (Siddiqi et al., 2018; Owaid et al., 2015).
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Figure 3.5: UV-vis absorption spectra showing the effect of varying CLE concentration on the
formation of CLE-AgNPs at 25 °C for 72 hrs using 3 mM AgNOs. The experiment was performed

in triplicate (n=3) and the graphs are presented as average results.

81

http://etd.uwc.ac.za/



3.2.1.5. Upscaled synthesis of CLE-AgNPs with all optimum synthesis conditions

Figure 3.6 displays the UV-vis absorption spectra of CLE-AgNPs synthesized using all optimum
synthesis conditions — CLE concentration: 12.5 mg/ml, AgNOs concentration: 3 mM, temperature:
25 °C, pH 10, time of reaction: 72 hrs, shaking at 500 rpm — in a final reaction volume of 50 ml.
There was a single SPR peak observed on the UV-vis spectra which confirmed the synthesis of the
spherical CLE-AgNPs. The synthesized CLE-AgNPs had a Amax at 432 nm with an OD of 0.511.
The CLE-AgNPs were subjected to further characterization to determine the size, shape,
polydispersity index, and zeta potential. These findings are in agreement with those found in
previous literature (Wattimena et al., 2022; Syafiuddin et al., 2017). In previous studies, leaves of
M. esculenta have been used to synthesize AgNPs. A previous study synthesized AgNPs using M.
esculenta leaf extract and observed a Amax at 356 nm with a single SPR peak in the UV-vis
spectrum. A single peak in the UV-vis spectrum is associated with spherical NPs and two or more
peaks correspond with irregular shaped AgNPs, dependent on their symmetry (Syafiuddin et al.,
2017). Another study showed M. esculenta-AgNPs synthesized from the leaf extract had a Amax
at 430 nm whilst the tuber extract had a Amax at 415 nm (Wattimena et al., 2022). The observations
made in this study are also in agreement with a study where AgNPs were synthesized with
Cotyledon orbiculata aqueous leaf extract, which had a Amax around 420 nm, characteristic of
AgNPs (Tyavambiza et al., 2021). Another study reported that the medicinal plant Rhodiola rosea
facilitated the synthesis of AgNPs and revealed that the AgNPs had a Amax around 430 nm with a
single narrow SPR peak indicating that the AgNPs were spherical and monodispersed (Bold et al.,
2022). The optimization of the synthesis of AgNPs with Azadirachta indica was conducted in
another study and the optimized reaction parameters (addition of 5 mL of Al-extract (pH 7) to 45
mL of 1 mM AgNQO:z and incubated at 25 °C in dark at 200 rpm for 18 hrs) were used to synthesise
stable A. indica-AgNPs (Chinnasamy et al., 2021)
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Figure 3.6: UV-vis absorption spectra showing the upscaled synthesis of CLE-AgNPs using all
optimum conditions. (CLE concentration: 12.5 mg/ml, AgNOz concentration: 3 mM, temperature:
25 °C, pH 10, time of reaction: 72 hrs, shaking at 500 rpm). The experiment was performed in

triplicate (n=3) and the graphs are presented as average results.

3.2.2. Dynamic light scattering analysis of CLE-AgNPs

The hydrodynamic size of the CLE-AgNPs was measured by DLS. DLS is one of the preferred
analytical methods used in the characterization of AgNP size (Omran et al., 2018). Figure 3.7
displays the hydrodynamic size distribution of the biogenic CLE-AgNPs. The biogenic CLE-
AgNPs had a Z-average hydrodynamic diameter of 44.49 + 0.55 nm based on the cumulants
analysis. According to distribution analysis, the size distribution by intensity was 84.8 % of the
CLE-AgNPs suspension had a hydrodynamic diameter of 91.5 + 50.82 nm, and 15 % of the CLE-
AgNPs suspension had a hydrodynamic diameter of 12.18 + 4.042 nm. Two distinct peaks in the
hydrodynamic size distribution can be seen in Figure 3.7. The hydrodynamic diameter is
dependent on the size of the particle “core” and the surface structure as well as the type and

concentration of any ions in the medium (Maguire et al., 2018).

The PDI, a dimensionless measure of the broadness of the size distribution, of the CLE-AgNPs
was determined as 0.52 + 0.014 which indicated slight polydispersity which may be attributed to
the two distinct peak sizes of the CLE-AgNPs. Previous literature has reported that a PDI of 0.7
indicates a broad size distribution of AgNPs while a PDI between 0.001 and 0.5 indicates a good
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monodispersity of the AgNPs (Tarannum et al., 2019). Therefore, the results indicated that the
biogenic CLE-AgNPs were within the nanoscale range but were larger in size and relatively
polydisperse. This observation is in agreement with observations reported by Dube et al. (2020)
where polydispersed SAL-AgNPs and SF-AgNPs had PDI values of 0.63 + 0.03 nm and 0.612 +
0.02 nm, respectively (Dube et al., 2020). In another study, the leaf extract of Enicostemma
axillare was used to synthesize AgNPs and yielded NPs with sizes ranging between 25 to 80 nm
and a PDI of 0.412 (Raj et al., 2018). A previous study specified that the Z-average hydrodynamic
diameter could only be considered as an accurate measurement of the hydrodynamic size if the

NPs in the sample are monomodal and/ or monodispersed (Lim et al., 2013).
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Figure 3.7: Hydrodynamic size distribution of the biogenic CLE-AgNPs.

3.2.3. -potential analysis of CLE-AgNPs

{-potential analysis was used to determine the stability of the synthesized CLE-AgNPs (Figure
3.8). The C-potential value is defined as the measurement of the electrostatic potential at the
electrical double layer surrounding an NP in liquid suspension or simpler terms, electrostatic
charge on the surface of the NPs (Khorrami et al., 2018). NPs with a -potential between -10 and

+10 mV are considered neutral. NPs with a {-potential greater than +30 mV or less than -30 mV
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are strongly cationic or strongly anionic, respectively (Clogston and Patri, 2011). The CLE-AgNPs
showed a (-potential of — 21.7 £ 11.3 mV which indicated that the synthesized CLE-AgNPs were
partially stable and anionic in nature. The E. axillare-AgNPs synthesized by Raj and colleagues
(2018) had a C-potential of -24.6 nm informed by DLS which was reported as a high electrical
charge on the surface of the AgNPs that could cause a strong repellent force among the NPs to
prevent agglomeration (Raj et al., 2018). Oxidized pullulan-mediated AgNPs had a high negative
{-potential which increased their stability due to the repulsion among the particles (Coseri et al.,
2015). The -potential values of NPs can either be positive or negative, however, it is commonly
negative because of the presence of biomolecules present in the extract bound to the surface of the
NPs as they act as capping agents (Sanchez-L6pez, 2020). In the study where R. rosea-AgNPs
were synthesised, it was reported that the AgNPs had a negative C-potential implying that the
AgNPs were capped and stabilized by an electronegative compound which may be the

biomolecules present in the R. rosea extract (Bold et al., 2022).
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Figure 3.8: {-potential distribution curve of the biogenic CLE-AgNPs.

3.2.4. High-resolution transmission microscopy analysis of CLE-AgNPs

HR-TEM was used to analyse the shape, size, and morphology of the biogenic CLE-AgNPs.
Figure 3.9 displays the micrograph and size distribution of the CLE-AgNPs which indicates that
reaction conditions yielded CLE-AgNPs that were anisotropic (i.e., different shapes and sizes), but
mostly spherical, which is in agreement with the single SPR band and PDI value reported for the
synthesised CLE-AgNPs in this study. To determine the average core size of the synthesized CLE-
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AgNPs, 55 individual NPs were selected from the HR-TEM micrograph image and measured using
ImagelJ software. The average core size was estimated to be 16.11 + 10.6 nm in diameter. Notably,
the average size derived from HR-TEM is relatively smaller compared to the hydrodynamic size
obtained from DLS. This discrepancy is explainable as DLS measures the hydrodynamic radius
which is not a true size of the NP because it includes the surrounding organic layer (i.e., hydration
layer around the NPs where the capping and stabilizing agents are present) whereas HR-TEM

measures the size of the inorganic core (Tyavambiza et al., 2021).

The observation of this study correlates with those in literature that have reported on the
geometrical and size variation of biogenic NPs which has been linked to the phytochemical profile
of the plants used in the synthesis of NPs (Dube et al., 2020; Kumar et al., 2017). Previously
synthesized AgNPs from M. esculenta, Carica papaya, and Morinda citrifolia leaf extracts,
respectively, were also reported to be spherically shaped. The M. esculenta-AgNPs size was in the
range of 13-38 nm with an average of 23 nm which is in agreement with the findings of this study
(Syafiuddin et al., 2017). In a study where M. esculenta-AgNPs were synthesized with tuber and
leaf extracts the NPs were spherically shaped with mean diameters of 31 + 9.9 nmand 8.5 + 4.7
nm, respectively (Wattimena et al., 2022). Another study reported that the synthesis of AgNPs
using the plant extracts of Ocimum sanctum (basil) produced smaller-sized NPs, with 10 £ 2 nm

for the root extract and 5 + 1.5 nm for the stem extract (Ahmad et al., 2010).
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Figure 3.9: HR-TEM analysis of the biogenic CLE-AgNPs showing their morphology and size.
A) Micrograph of CLE-AgNPs and B) Size distribution of CLE-AgNPs.
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3.2.5. Fourier-transform infrared spectroscopy of CLE and CLE-AgNPs

FTIR spectroscopy was used to identify the structural composition of the CLE and CLE-AgNPs.
The structural composition may provide information that aids in the identification of the major
functional groups in the plant extract and their potential involvement in the synthesis of AQNPs as
reducing and capping agents (Jalani et al., 2018). This information may also aid in identifying the
actual phytochemicals responsible for the AgNPs synthesis. Previous literature has shown that
various phytochemicals play a key role in the plant-mediated synthesis of AgNPs (Shaikh et al.,
2021). The FTIR spectrum is made up of absorption peaks or bands that correspond to the
frequencies of vibration between the bonds of atoms in the nanoparticle (Torres-Rivero et al.,
2021). The functional groups are identified based on peak values in the region of infrared radiation
(Jini and Sharmila, 2020). The IR spectrum is split into three wavenumber regions, namely, far-IR
spectrum (<400 cm™), mid-IR spectrum (400-4000 cm™), and near-IR spectrum (4000-13000 cm-
1. The mid-IR spectrum is the region that provides the most detail and is often focused on
identifying the functional groups within a sample. The mid-IR spectrum is split into two major
regions: the functional group region and the fingerprint region. The functional group region is
positioned between 4000 — 1500 cm™ and is divided into three sub-regions: (1) the single bond
region (2500 — 4000 cm?), (2) the triple bond region (2000 — 2500 cm'Y), and (3) the double bond
region (1500 — 2000 cm™). The rest of the mid-IR spectrum is the fingerprint region (600-1500
cm™) and the functional groups present in this region are specific, unique, and attributable to a
specific compound (Nandiyanto et al., 2019). The peaks in the fingerprint region are dependent on
complex vibrations involving the entire molecule and it is highly unlikely that more than one

compound will have the exact IR spectrum (Nandiyanto et al., 2019; Coates, 2000).

In this study, FTIR was used to identify the bioactive compounds in the CLE which may have been
responsible for the reduction of Ag*to Ag®, and the capping and stabilizing of the synthesized
CLE-AgNPs. Figure 3.10 displays the FTIR spectra of both the CLE and CLE-AgNPs. The FTIR
spectrum of the CLE-AgNPs was similar to the spectrum of the CLE which was the plant extract
used to synthesize the AgNPs. Peaks between the two spectra were transmitted at similar
wavelengths which indicates that the phytochemicals present in the extract can be found on the
surface of the AgNPs, however, certain peaks between the CLE and CLE-AgNPs spectra were

slightly shifted. The shifts between the spectra can be expected due to the influence of the metal
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based on its proximity to the corresponding functional groups and may further confirm the
involvement of the corresponding functional groups in the synthesis of the CLE-AgNPs (Elia et
al., 2014). The FTIR spectra peak values, peak shifts, and their possible corresponding functional

groups/ assignments are tabulated (Table 3.1).

A strong broad absorption band at 3351.62 cm™ in the CLE shifted to 3422.35 cm™ in the AgNPs
and was assigned to the stretching vibration of intermolecular polymeric bonded O-H groups or
N-H groups which are characteristic of alcohols, phenols, and aliphatic primary or secondary
amines. A band of similar frequency (3314 cm™) in FTIR spectra of cassava leaves extract was
identified and attributed mainly to carbohydrates and sugars, such as cellulose and lignin, or
cellulose glycosidic bonds (Cruz et al., 2021). The broadness of the band may be due to intra- and
intermolecular hydrogen bonds that were formed (Kusuma et al., 2022; Kumar et al., 2020). The
strong absorption band at 1603.6 cm™ in the CLE shifted to 1613.24 cm™ in the AgNPs and was
assigned to the vibrations of N-H bending due to the presence of primary amines. The strong sharp
absorption band at 1407.39 cm™in the CLE which shifted to 1382 cm™ in the AgNPs was assigned
to O-H bending vibration of phenolic compounds or tertiary alcohol (Nandiyanto et al., 2019). The
weak absorption band at 1122.65 cm™ in the CLE shifted to 1113.58 cm™ in the AgNPs and was
assigned to the stretching vibrations of C-O groups which could indicate the presence of alcohols,
carboxylic acids, esters, or ethers (Nandiyanto et al., 2019). The presence of the weak absorption
band at 1045.57 cm in the CLE which shifted to 1042.85 cm™ in the AgNPs may be assigned to
the vibrations of a C-H stretch and C-F stretch of aliphatic amines and fluoro compounds,
respectively. The peak at 1042.85 cm™ may indicate the presence of phosphate ions (Nandiyanto
et al., 2019) which is in accordance with the results of a study on cassava leaves conducted where
IR bands found in the range of 1042-1084 cm™ were characterized as phosphorous compounds
(Syafiuddin et al., 2017). It has been previously reported that peaks at 1113 cm™ and 1051 cm™,
respectively, were attributed to -C-OC linkages and -C-O bonds which represent the presence of
flavonoids and terpenoids found in most plant extracts (Jalani et al., 2018; Ahmed et al., 2016b).
The weak absorption band at 667.42 cm in the CLE shifted to 623.89 cm™ in the AgNPs and was
assigned to the stretching vibrations of C-Br groups and bending vibrations of C-H groups due to
the presence of aliphatic bromo compounds and alkynes, respectively (Nandiyanto et al., 2019;
Coates, 2000).
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The absence of peaks from the CLE-AgNPs which were initially present in the CLE suggests that
these bioactive compounds were involved in reducing Ag* to Ag® and therefore are not found in
the FTIR spectra of CLE-AgNPs (Jalani et al., 2018). Based on the FTIR data, it was evident that
some of the biomolecules present in the CLE were involved in the synthesis of CLE-AgNPs not
only as reducing agents but as capping agents as well. The hydroxyl and carboxyl functional groups
are responsible for the encapsulation of AgNPs which increases the stability of AgNPs (Dawadi et
al., 2021). A previous study showed that FT-IR analysis confirmed the presence of alkanes,
carboxylic acid, esters, alkyl halide, and amines in the petroleum benzene leaf extract of M.
esculenta (Manjula et al., 2020). The presence of amine, phenolic, primary alcohol, nitro, and
aliphatic ether compounds was found in an agueous extract of M. esculenta leaves (Kusuma et al.,
2022). These findings are in accordance with previous studies who identified the major functional
groups of O-H, C-O, N-H, and N-O in cassava leaves (Kumar et al., 2021b; Palupi et al., 2020).
The identified functional groups were attributed to the cellulose and chlorophyll present in the
leaves (Kusuma et al., 2022). In a previous study, a strong peak at 3400 cm™ was also attributed
to the intermolecular and intramolecular H bonds of free OH in cellulose as it is known that green
leaves are primarily composed of lignocellulosic components (Sharif et al., 2015; Razak et al.,
2013). Interestingly, no peaks occurred in the region of 2280-2220 cm™ which would have
indicated the presence of a nitrile CN, representative of cyanide, which is commonly found in

cassava leaves (Nandiyanto et al., 2019; Nkafamiya et al., 2015).
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Figure 3.10: FTIR spectra of CLE and CLE-AgNPs.

Table 3.1: FTIR spectra peak values and peak shifts of CLE and CLE-AgNPs and their

corresponding functional groups.

Peak values Peak values Shift in Bond Identified functional groups/
of of peak assignment
CL extract CL-AgNP values
(cm™) (cm™)
3351.62 3422.35 -70.73 O-H stretch Alcohols, Phenols

O-H (H-bonded) 1°, 2° amines, amides

N-H stretch Aliphatic primary amine
1603.26 1613.24 -9.98 N-H bend 1° amines
1407.39 1382.00 +25.39 O-H bend Phenol or tertiary alcohol
1272.27 - - C-H Alkyl halides

C-N stretch Aromatic primary amines

C-O stretch Alcohols, Carboxylic acids, Esters,

Ethers
90

http://etd.uwc.ac.za/



1122.65 1113.58 +9.07 C-O stretch Secondary alcohol, carboxylic acids,
esters, ethers
1045.57 1042.85 +2.72 C-N stretch Aliphatic amines
C-F stretch Aliphatic fluoro compounds
S=0 stretch Sulfoxide
CO-0-CO stretch Anhydride
Phosphate ion
929.49 - O-H bend Carboxylic acids
=C-H bend Alkenes
Silicate ion
859.67 - C-H Aromatics
N-H 1°, 2° amines
=C-H bend Alkenes
774.48 - C-Cl stretch Alkyl halides
C-H Aromatics
N-H 1°, 2° amines
=C-H bend Alkenes
667.42 623.89 +43.53 C-Br stretch Alkyl halides - Aliphatic bromo
C-H bend compounds
Alkynes
542.28 - C-1 stretch Alkyl halides - Aliphatic iodo
compounds
- 418.95 C-Br stretch Alkyl halides

3.2.6. Inductively coupled plasma optical emission spectrometry

Inductively coupled plasma optical emission spectrometry (ICP-OES) is a spectroscopic technique
used to obtain qualitative and quantitative information about a given element within a liquid
sample based on the emission intensity at specific wavelengths of the element of interest.
Generally, a direct measure of ions dissolved at low concentrations can be provided by ICP-OES
(Gasbarri et al., 2019). Based on this knowledge, ICP-OES analysis was used to determine the
concentration of silver in the CLE-AgNPs. The silver concentration in the CLE-AgNPs was found
to be 43.489 + 0.341 ug/ml. In a previous study, silver nanoparticles were synthesized using Gum
Arabic and the silver concentration was found to be 10* ug/ml using ICP-OES (El-Adawy et al.,
2021).
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3.3. Total phenolic content of CLE and CLE-AgNPs

The total phenolic content (TPC) of CLE and CLE-AgNPs was determined quantitatively by the
Folin-Ciocalteu (FC) assay using the FC reagent and Gallic acid as the standard. The total phenolic
content was expressed in terms of Gallic acid equivalents (GAE) in pg/ml and was calculated with
the help of the Gallic acid calibration standard curve shown in Figure 3.11. The standard curve
equation was y = 0.003x - 0.0203, where R? = 0.9979. Both the CLE and CLE-AgNPs showed the
presence of phenolic compounds which corresponds to the FTIR data in this study. The TPC of
the CLE and CLE-AgNPs was determined as 1131.21 + 69.24 pg/ml and 86.36 + 2.18 pg/ml
(expressed as GAE), respectively (Table 3.2). The CLE had a higher content of phenolics as
compared to the CLE-AgNPs. Nonetheless, the presence of phenols in the CLE-AgNPs suggests
that the phytochemicals found in the CLE were involved in the synthesis of AgNPs as capping
agents. In another study, it was discovered that M. esculenta, both tubers and leaves, contains
phenolic compounds (Wattimena et al., 2022). The presence of phenols in M. esculenta leaf
extracts were also reported in other previous studies (Hasim et al., 2016; Quartey et al., 2016).
Phytochemical screening analysis of the same plant may differ in the results obtained due to the
location where the plants were harvested as soil nutrients in different regions has an effect on their

phytochemical composition (Mustarichie et al., 2020).
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Figure 3.11: Gallic acid calibration standard curve for the determination of total phenolic content
of CLE and CLE-AgNPs.
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Table 3.2: Total phenolic content of CLE and CLE-AgNPs.

Gallic acid equivalent (ug/ml)
CLE 1131.21 + 69.24
CLE-AgNPs 86.36 £ 2.18

3.4. Stability analysis of CLE-AgNPs

For any potential biomedical application, nanoparticles need to remain stable under different
biological conditions. Thus, the stability of the biogenic CLE-AgNPs was evaluated in MHB,
dH-0, and ddH20 over a period of 24 hrs. UV-vis analysis was used to determine any changes in
the stability of the nanoparticles as shown in Figure 3.12. The evaluation of the stability of the
CLE-AgNPs was performed at 37 °C because most in vitro and in vivo applications are performed
at this temperature. MHB, dH20, and ddH20 were chosen due to their use in the biological assays
conducted in this study. The CL-AgNPs appeared to be stable over the 24 hrs period for MHB,
dH20, and ddH.O as there were no significant changes in the UV-vis absorption spectra.
Agglomeration of the CLE-AgNPs may have been prevented in the media used due to the biomass
present on the surface of the AgNPs, which provide a stearic or electrostatic barrier (Khan et al.,
2020).

The findings of this study are in agreement with a study that reported on the absorbance peaks of
biogenic AgNPs placed in MHB which had slight changes that were negligible in their UV-vis
spectra over 24 hrs and implied that the AgNPs were stable in the respective media (Dube et al.,
2020). However, the findings of this study differed from the those from a study which showed that
Cotyledon orbiculata AgNPs were not stable in MHB at 37 °C over a period of 24 hrs. The addition
of C. orbiculata-AgNPs to MHB led to the flattening of the UV-vis absorption spectra indicating
the possible aggregation of the NPs. MHB has a high protein content and low concentration of
inorganic salts which may have affected the NPs (Tyavambiza et al., 2021). Previous literature has
shown that high protein content present in bacterial growth media may negatively affect the
colloidal stability of the synthesized NPs resulting in agglomeration (Tyavambiza et al., 2021,
Moore et al., 2015).

93

http://etd.uwc.ac.za/



A 8 0hr B g 0hr
7 3hr 7 A 3hr
/ |
6 j’ 6 hr 6 4 6 hr
g5 F ]
e | 24 hr g5 24 hr
< | @
<4 24
3 f 2
< 3 | -'g 3 |
:\ / -
\// 2 T
y Ty
1 1
0 0
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
C s 0hr
7 3hr
6 6 hr
o5 "
§ l:/\\ - =24 hr
- 4 s
2 \
2 \
<3 J \
2 = \
Y,
0
300 400 500 600 700 800
Wavelength (nm)

Figure 3.12: UV-vis absorption spectra showing the stability of the biogenic CLE-AgNPs in
various media during incubation at 37 °C for 24 hrs (A: dH20, B: ddH20, C: MHB).

3.5. Antibacterial activity of CLE-AgNPs
3.5.1. Antibacterial activity of CLE-AgNPs using agar well diffusion assay

The antibacterial activity of CLE-AgNPs and CLE was studied against six human pathogenic
bacteria, namely S. aureus, MRSA, E. coli, K. pneumoniae, P. aeruginosa, and A. baumannii using
the agar well diffusion method. Ciprofloxacin and MHB were chosen as the positive control and
negative control, respectively. The zone of inhibition (ZOI) surrounding each well for the various
concentrations of CLE-AgNPs and CLE was measured to determine the antibacterial effect of the

CLE-AgNPs and CLE on the microorganisms of interest.

The ZOl is the circular area around the antibacterial treatment in which bacteria colonies do not
grow that can be used to measure the susceptibility of the bacteria towards the antibacterial
treatment. The ZOI measurements for CLE-AgNP, CLE (unpH), and CLE (pH 10) are presented
in Table 3.2, Table 3.3, and Table 3.4, respectively. The results shown in Table 3.1 and Figure
3.13 demonstrated that the CLE-AgNPs displayed broad spectrum antibacterial activity against all
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the bacterial strains for all the concentrations (2.9-46.8 pg/ml) tested. The CLE-AgNPs were able
to efficiently inhibit the growth of both gram-positive and gram-negative bacteria in a dose-

dependent manner. The notable differences in the ZOls can be observed in Figure 3.13.

For the gram-positive bacteria, MRSA was more susceptible to the CLE-AgNPs than S. aureus.
The lowest concentration of CLE-AgNPs that was able to inhibit MRSA was 2.9 pg/ml with a ZOl
of 7.17 £ 0.29 mm whilst the lowest concentration of CLE-AgNPs that inhibited S. aureus was 5.8
pg/ml with a ZOl of 7 £ 0 mm. S. aureus forms part of our skin flora, however, it is a common
causative agent of various community-acquired and nosocomial infections. Interestingly, MRSA
evolved from S. aureus due to long-term selection of methicillin and is genetically and structurally
different compared to S. aureus (Hu et al., 2020). Patients with MRSA infections are 64% more
likely to die than those with drug-sensitive infections (World Health Organization, 2021). It is of
great importance that effective strategies to treat bacterial infections with serious antibiotic
resistance (Hu et al., 2020). For the gram-negative bacteria, E. coli was more susceptible than K.
pneumoniae, P. aeruginosa, and A. baumannii. The lowest concentration of CLE-AgNPs that was
able to inhibit E. coli was 2.9 pg/ml with a ZOI of 8 £ 0.5 mm. A. baumannii was inhibited by
11.7 pg/ml CLE-AgNPs with a ZOlI of 7.33 £ 0.29 mm. The least susceptible bacterial strains were
P. aeruginosa and K. pneumoniae as they were inhibited by 23.4 pg/ml CLE-AgNPs with ZOl
measurements of 7.67 £ 1.26 mm and 7.33 £ 0.29 mm, respectively. Nonetheless, CLE-AgNPs
were able to inhibit the growth of all the pathogens tested in this study to some degree.

The positive control, Ciprofloxacin, was able to inhibit the growth of all the bacterial strains tested.
On the contrary, the negative control, MHB, had no antibacterial activity as there were no ZOlI for
all the bacterial strains tested which ruled out the possibility of the growth medium influencing the
antibacterial activity. Notably, the CLE (unpH and pH 10) did not display any significant
antibacterial activity against the microorganisms tested in this study as shown in Table 3.3 and
Table 3.4. Based on the results, the CLE-AgNPs were solely responsible for the antibacterial
activity, and not because of the phytochemicals involved in the synthesis of the CLE-AgNPs. In a
study by Bold and colleagues (2022), the antibacterial activity of R. rosea-AgNPs was assessed
using agar well diffusion. It was reported that P. aeruginosa was more susceptible to R. rosea-

AgNPs compared to S. aureus (Bold et al., 2022). This result may have been due to the difference
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in bacterial cell wall structures (Vijayan et al., 2018). Nonetheless, the R. rosea-AgNPs exhibited

an effective antibacterial activity against both pathogens (Bold et al., 2022).

Surprisingly, the highest concentration of aqueous CLE (2.5 mg/ml) did not show any antibacterial
activity against the microorganisms used in this study. Other studies have shown that methanolic
extracts of M. esculenta at lower concentrations has antibacterial activity against P. aeruginosa,
E. coli, E. cloacae, K. pneumoniae, Providencia stuartii and Enterobacter aerogenes while another
study showed that the chloroform extract of M. esculenta exhibited antibacterial activity against
L. monocytogenes, V. cholera, S. flexneri, and S. typhi, and the ethanolic extract had antibacterial
activity against P. aeruginosa, C. diphtheriae, and V. cholera (Noumedem et al., 2013; Zakaria et
al., 2006). Another study also demonstrated the antibacterial activity of ethanolic extract of M.
esculenta leaves against S. epidermidis and Propionibacterium acnes (Mustarichie et al., 2020). It
has been reported that ethanol is used as a solvent in the extraction process as it has the ability to
extract almost all secondary metabolites present in the sample. Ethanol is classified as semipolar,
due to the presence of the -OH group which is polar and the ethyl group (CH3CH>-) which is
nonpolar, making it possible to dissolve both nonpolar and polar secondary metabolites
(Mustarichie et al., 2020).

Efficiency of the extraction of phytochemicals from plant material is greatly affected by extraction
method, temperature, extraction time, the phytochemical composition and the solvent used.
Solvents is one of the most important parameters as it has an influence on the yield and
composition of biomolecules isolated (Kapadia et al., 2022; Truong et al., 2019). Results from a
study showed that different solvents used to extract bioactive compounds from S. buxifolia
branches resulted in various extraction yields due to the differences in the polarity of the extraction
solvents which could cause an extensive variation in the level (and content) of isolated bioactive
compounds (Truong et al., 2019). Solvents with a polarity similar to a given solute leads to better
extractions, thus, if the plant of interest contains a high level of polar biomolecules, then a polar
solvent should be employed in order to extract the highest yield of phytochemicals, and the same
would apply to nonpolar biomolecules (Kapadia et al., 2022). Methanol was the best solvent to
use in the extract preparation of S. buxifolia (Truong et al., 2019). The biological activity of the
extract is significantly influenced by the extraction yield and the content of bioactive compounds
(Truong et al., 2019). From the observations in this study, ddH.O may not have isolated the
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appropriate biomolecules from cassava leaves in order for the aqueous CLE to have significant
antibacterial activity yet the biomolecules isolated were suitable for the synthesis of CLE-AgNPs
which has been proven to possess antibacterial properties. Literature shows that other organic
solvents, such as methanol and ethanol, are best for extracting high yields and composition of
phytochemicals required from M. esculenta to obtain antibacterial activity in the extract itself
(Mustarichie et al., 2020; Noumedem et al., 2013; Zakaria et al., 2006).

The findings of this study were in agreement with the findings of a study that reported on a banana
peel extract (BPE) preparation using distilled water and acetone. The BPE did not have any
antibacterial activity, however, BPE-AgNPs showed antibacterial activity against B. subtilis, S.
aureus, P. aeruginosa, and E. coli (Ibrahim, 2015). Another study tested the antibacterial activity
of aqueous extracts of Salvia Africana-lutea (SAL) and Sutherlandia frutescens (SF) as well as the
AgNPs synthesized from these extracts. Aqueous extracts of SAL and SF did not show any
antibacterial activity against S. epidermidis and P. aeruginosa but the synthesized AgNPs showed
antibacterial activity (Dube et al., 2020). Other studies which report on plant mediated AgNPs
synthesis have also described the enhanced antibacterial activity of biogenic AgNPs when
compared to the antibacterial activity of the plant’s extract (Dube et al., 2020; Ahmed et al., 2016b;
Kathiravan et al., 2015). Moreover, the antibacterial activity of M. esculenta-AgNPs synthesized
from tuber and leaf extracts, respectively, were investigated by Wattimena and colleagues (2022).
The results showed that both cassava leaf- and cassava tuber-AgNPs inhibited the growth of both
E. coli and S. aureus (Wattimena et al., 2022). The antibacterial action of the synthesized AgNPs
were connected to the release of Ag* ions where the positive ions favourably interact with the
negatively charged membrane of the bacteria enabling the permeability of the membrane and
leakage of the intracellular cytoplasmic contents, resulting in cell death (Dakal et al., 2016; Feng
et al., 2000).The positive ions that penetrate the cell membrane are involved in the deactivation of
respiratory enzymes which causes ROS formation that can cause cell membrane destruction and

changes in the microbial DNA structure (Wattimena et al., 2022; Ramkumar et al., 2017).
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Figure 3.13: Antibacterial activity of CLE-AgNPs. The zone of inhibition of synthesized CLE-
AgNPs (mm) on S. aureus, MRSA, E. coli, P. aeruginosa, K. pneumoniae and A. baumannii.
(Concentrations of CLE-AgNPs - 1: 2.9 pg/ml, 2: 5.8 pg/ml, 3: 11.7 pg/ml, 4: 23.4 pg/ml and 5:
46.8 pg/ml CLE-AgNPs; +: Ciprofloxacin; —: MHB).
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Table 3.3: The antibacterial effects of biogenic CLE-AgNPs against six human pathogenic
bacteria tested at different doses ranging from 2.9-46.8 pug/ml (n=3).

S. aureus MRSA E. coli P. aeruginosa K. pneumoniae A. baumannii
Zone of inhibition + SD (mm)

2.9 pg/ml (1) 0+0 7.17+0.29 8+05 00 00 00

5.8 pg/ml (2) 7+0 8.67 £0.58 9+05 0+0 0+0 0+0
11.7 pg/ml (3) 8.17+0.29 10+1 10.33+0.58 00 00 7.33+0.29
23.4 pg/ml (4) 10.33+0.58 11.33+0.29 11.33+0.76 7.67+1.26 7.33+0.29 8.67 £ 0.58
46.8 pg/ml (5) 12.17+0.29 12.83+0.29 12.67 +0.58 9.67 +£1.53 8.83+0.29 10.17 £0.29
Ciprofloxacin (+) 24.67 £0.29 2417 +0.29 38+0.5 26.33+1.53 32.33+0.58 19.83+0.29

MHB (-) 0+0 0+0 00 00 00 00

Table 3.4: The antibacterial effects of CLE (unpH) against six human pathogenic bacteria tested

at different doses ranging from 0.156-2.5 mg/ml (n=3).

S. aureus MRSA E. coli P. aeruginosa K. pneumoniae A. baumannii

Zone of inhibition + SD (mm)

0.1563 mg/ml (1) 0%0 00 00 0+0 0%0 0%0
0.3125 mg/ml (2) 0+0 0+0 0+0 0+0 0+0 0+0
0.625 mg/ml (3) 0+0 0+0 0+0 0+0 0+0 0+0
1.25 mg/ml (4) 0+0 0+0 0+0 0+0 0+0 0+0
2.5 mg/ml (5) 0+0 0+0 0+0 0+0 0+0 0+0

Ciprofloxacin (+)  24.67 +0.58 24.83+0.29 37.33+058 26.33 £0.58 33+2.65 19.67 £1.15
MHB (-) 0%0 0+0 0+0 0+0 0+0 0+0

Table 3.5: The antibacterial effects of CLE (pH 10) against six human pathogenic bacteria tested
at different doses ranging from 0.156-2.5 mg/ml (n=3).

S. aureus MRSA E. coli P. aeruginosa K. pneumoniae A. baumannii

Zone of inhibition = SD (mm)

0.1563 mg/ml (1) 0£0 0£0 0%0 0+0 0£0 0£0
0.3125 mg/ml (2) 0+0 0+0 0+0 0£0 0£0 0+0
0.625 mg/ml (3) 0£0 0£0 0+0 0+0 0+0 0£0
1.25 mg/ml (4) 0+0 0+0 0+0 0+0 0+0 0+0
2.5 mg/ml (5) 0+0 0+0 0+0 0+0 0+0 0+0
Ciprofloxacin (+) 24.83 +0.58 23.83+029  37.17+0.29 26.83 +0.29 34+1 18+1
MHB (-) 0+0 0+0 0+0 0+0 0+0 0+0
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3.5.2. Antibacterial activity of CLE-AgNPs using microdilution assay

The microdilution assay was employed to further investigate the antibacterial activity of CLE-
AgNPs against S. aureus, MRSA, E. coli, K. pneumoniae, P. aeruginosa, and A. baumannii. The
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) was
determined against the microorganisms. MIC is defined as the lowest concentration of the
treatments required to inhibit visible growth of the bacteria and MBC is defined as the minimum
concentration of the treatments required to kill 99.9% of the bacteria in the original inoculum
(Balouiri et al., 2016). AlamarBlue™ dye was used as a bacterial viability indicator in combination

with the microdilution assay (Henshaw, 2018).

CLE-AgNPs exhibited broad spectrum antibacterial activity against all the microorganisms tested
in this study as indicated in Table 3.6. Figure 3.14, Figure 3.15, and Figure 3.16 display the
inhibitory and bactericidal effects of the CLE-AgNPs against the microorganisms tested in this
study. The non-fluorescent AlamarBlue™ dye (resazurin) is reduced to resorufin, a highly
fluorescent pink compound, in the presence of viable bacteria, and, thus, was used as a
colourimetric indicator of viable bacteria (Henshaw, 2018). Mareover, the intensity of the pink
colour and fluorescence was proportional to the number of viable cells present (Figure 3.15). The
MIC was determined as the lowest concentration where no microbial growth was observed in the
wells as well as by the spectrophotometer (Henshaw, 2018). It is advantageous to make use of
AlamarBlue™ dye because it is non-toxic, sensitive, and cost-effective. AlamarBlue™ works on
suspension cells and attached cells, making it incredibly useful for biofilms (Henshaw, 2018;
Zachari et al., 2014).

The CLE-AgNPs were able to efficiently inhibit the growth of both gram-positive and gram-
negative bacteria in a dose-dependent manner. CLE-AgNPs were mostly active against the gram-
negative bacteria as compared to the gram-positive bacteria. This may be due to the difference in
their cell wall composition (Ibrahim, 2015). The cell wall of gram-positive bacteria is composed
of a thick peptidoglycan layer which consists of linear polysaccharide cross linked by short
peptides, therefore, a rigid structure is formed which makes the penetration of AgNPs more
difficult to achieve. The cell wall of gram-negative bacteria is composed of a thinner peptidoglycan

layer which gives AgNPs the advantage as it is easier for them to penetrate the cell (Ibrahim, 2015).
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The highest antibacterial activity was observed against K. pneumoniae with the values for both
MIC and MBC being 0.4 pug/ml. This is a remarkably low concentration of CLE-AgNPs that is
required to inhibit the growth (and kill 99.9%) of K. pneumoniae. K. pneumoniae is a common
bacterial pathogen found in the intestines. It is @ major causative agent of nosocomial infections,
such as pneumonia, BSIs, neonatal infections, and infections of intensive-care unit patients.
Resistance in K. pneumoniae to last resort carbapenem antibiotic therapy has spread globally with
some countries recording that carbapenem antibiotics do not work in more than half of the patients
treated for K. pneumoniae infections (World Health Organization, 2021). The alternative antibiotic
treatment, colistin, is the only last resort treatment for life-threatening infections caused by
carbapenem-resistant Enterobacteriaceae, such as E. coli and Klebsiella sp.. However, colistin-
resistant bacteria have been detected in various parts of the world and has already caused infections
for which there is no effective antibiotic treatment at present (World Health Organization, 2021).
Treatment options to treat bacterial infections of this nature is evidently limited. Moreover, colistin
IS not registered in the RSA and in order to access the antibiotic treatment, a Section 21 approval
through the South African Health Products Regulatory Authority (SAHPRA) to procure is
required. If treatment is not administered within a particular window of time, the patient is likely
to die (NDoH-RSA, 2022).

The lowest antibacterial activity recorded for CLE-AgNPs was against S. aureus, MRSA and E.
coli with the same MIC value of 5.8 pg/ml and same MBC value of 5.8 pg/ml, except for MRSA
that had an MBC value of 11.7 pg/ml. Although, the inhibitory activity was the same for all three
bacterial strains, the bactericidal effect of CLE-AgNPs was greater against S. aureus and E. coli
as compared to MRSA. P. aeruginosa had the same MIC and MBC value of 1.5 pg/ml. A.
baumannii required a higher concentration of CLE-AgNPs with the same MIC and MBC value of
2.9 yg/ml. A natural agent is considered significant to be used as an antibacterial agent if it has a
MIC value of 1 mg/ml and below (Dube et al., 2020; Van Vuuren, 2008). CLE-AgNPs had MIC
values far below 1 mg/ml which proves that they have exceptional antibacterial properties and can
be used in the treatment of bacterial infections that require urgent alternative treatment options.

The results obtained in this study are in agreement with a previous study in which Coseri and
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colleagues also showed that AgNPs exhibit potent antibacterial activity against gram-positive and

gram-negative bacteria (Pal et al., 2017; Coseri et al., 2015).

The CLE-AgNPs performed well in comparison to the positive control, Ciprofloxacin, as the
antibacterial activity for the CLE-AgNPs was similar to that of Ciprofloxacin. Even though the
MIC and MBC values for Ciprofloxacin was not determined in this study, it is notable that the
concentration of Ciprofloxacin used was 15 pg/ml for all the microorganisms tested, except for E.
coli where 10 pug/ml Ciprofloxacin was used. At these concentrations, Ciprofloxacin was able to
inhibit the growth of all the microorganisms as well as exert a bactericidal effect against all of the
microorganisms. The MIC and MBC values of CLE-AgNPs for all the microorganisms was well
below the concentration(s) of Ciprofloxacin used in their respective tests, thus it can be concluded
that lower concentrations of CLE-AgNPs was required in order to exert similar antibacterial effects
as Ciprofloxacin on all of the microorganisms. This is a significant finding of this study as it proves

that CLE-AgNPs are more or equally as effective as conventional antibiotic therapy.

The antimicrobial mechanism of action of silver is still under scientific debate. Some authors have
maintained that the bactericidal activity may be related to the release of silver ions and their
interaction with bacterial components intra- and extracellularly whilst other authors claim that the
effect of silver may be due to a physical effect exerted on the cell membrane through penetration
and subsequent interference with cellular components (Montano et al., 2019). Other important
effects of silver that have been described include bacterial biofilm inhibition, anti-inflammatory
effects, and wound healing potential (Montano et al., 2019). The antimicrobial mechanism of
action of AgNPs is not fully understood, however, it is thought that the mechanism is similar to
that of Ag* ions which involves adhesion and destruction of the bacterial cell wall or membrane,
interaction and disruption of biomolecules, and generation of ROS and free radicals (Dawadi et
al., 2021). AgNPs have been shown to have wide applications in the prevention of further injury
and bacterial invasion of wounds, hence, the efficient recovery of damaged tissues is enhanced by
the use of AgNPs (Montano et al., 2019).

Tocco and colleagues reported that the antimicrobial activity of AgNPs appears high because of
its multilevel (including MDR) antibacterial effects and low systemic toxicity that allows the
provision of an antibacterial effect that greatly reduces the chances of developing resistance (Tocco

et al., 2012). Hambardzumyan and colleagues have suggested that the antibacterial mechanism of

103

http://etd.uwc.ac.za/



action of AgNPs is the result of many antibacterial events taking place simultaneously: (i)
penetration of AgNPs in the bacterial cell wall resulting in leakage of cellular contents, (ii) release
of Ag" ions, and (iii) reaction with sulfhydryl groups within the cytosolic environment (Bold et
al., 2022; Hambardzumyan et al., 2020; Rajesh et al., 2020; Vorobyova et al., 2020; Mickymaray,
2019). The extraordinary bactericidal activity of AgNPs is due to their large surface area which
enables the AgNPs to have better contact with microorganisms (Ibrahim, 2015). Moreover, AgNPs
function as reservoirs of the positively charged silver ions which is indisputably a magnificent
bactericidal agent on its own. Cationic compounds are able to easily bind to negatively charged
bacterial cell membrane to elicit antibacterial action while the amphiphilic structure of some NPs

can induce bacterial cell membrane damage (Yeh et al., 2020; Chen et al., 2016; Ibrahim, 2015).

The synthesized CLE-AgNPs displayed significant antibacterial activity. The ability of CLE-
AgNPs to inhibit and kill human pathogenic organisms of such medical importance showcases
their capability of being used in various applications in the medical and pharmaceutical industries
(Kowsalya et al., 2020). Fifty-one nanomedicines, including antibacterial nanoformulations, have
already been approved hy the U.S. FDA (Yeh et al., 2020; Bobo et al., 2016). NPs allows for the
opportunity of free drug “anti-virulence” therapy to be explored. In contrast to traditional
antibiotics, NPs are unlikely to develop drug resistance as there is no bactericidal effect. The
physical and non-specific structural disruption of bacterial cell membranes results in an increase
in membrane permeation and bacterial cell death. This process is less likely to elicit the
development of resistance (Franco et al., 2022; Cano et al., 2020; Wang et al., 2017).
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Table 3.6: The MIC and MBC values of CLE-AgNPs against six human pathogenic bacteria
(n=3).

Microorganisms MIC MBC
S. aureus 5.8 ug/mi 5.8 ug/ml
MRSA 5.8 pg/ml 11.7 pg/ml
E. coli 5.8 ug/mi 5.8 ug/ml
P. aeruginosa 1.5 pg/ml 1.5 pg/mi
K. pneumoniae 0.4 pg/mi 0.4 pg/ml
A. baumannii 2.9 pg/ml 2.9 pg/ml
:?n:entration of CLE-AgNPs (ug/ml) . g::;:emration of CLE-AgNPs (ug/ml) -
A 234 117 29 15 07 04 0.2 0.09 0.04 002 0.009 B 234 117 29 15 07 04 02 0.09 0.04 002 0.009
CLE-AgNPs ﬂ 4 CLE-AgNPs - ﬂ
CLE-ANPs CLE-AgNPs
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CLE-AgNPs + MHB 'CLE-AgNPs + MHB
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(+) Ciprofloxacin

Concentration of CLE-AgNPs (ug/ml) Concentration of CLE-AgNPs (ug/ml)
High Low High Low
C D 234 117 58 29 (15|07 04 0.2 009 004 0.02 0.009
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Figure 3.14: The inhibitory effects of CLE-AgNPs on bacterial growth using the microdilution
assay in combination with AlamarBlue™ dye as a colourimetric indicator of viable bacteria. A
colour change from blue to pink is observed in the presence of viable bacteria (A: S. aureus, B:

MRSA, C: E. coli, D: P. aeruginosa, E: K. pneumoniae, and F: A. baumannii).
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Figure 3.15: Graphs displaying the inhibitory effect of CLE-AgNPs on six different bacterial
strains. The fluorescence of AlamarBlue™ was measured as a bacterial viability indicator and is
directly proportional to the number of viable cells present (RFU: Relative Fluorescence Units).
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Figure 3.16: The bactericidal effects of CLE-AgNPs on six different bacterial strains

(A: S. aureus, B: MRSA, C: E. coli, D: P. aeruginosa, E: K. pneumoniae, and F: A. baumannii).
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CHAPTER 4: CONCLUSION AND RECOMMENDATIONS

“Nanotechnology is an idea that most people simply didn’t believe.” - Ralph Merkle

4.1 Conclusion

Antimicrobial resistance (AMR) is a major ‘One Health’ problem that needs to be addressed in
order to achieve the Sustainable Development Goals. Infections caused by antibiotic-resistant
bacteria are one of the leading causes of death for people of all ages. By 2050, more deaths will be
attributed to AMR than all types of cancers which will cost the global economy an estimated
US$100 trillion. Conventional treatments available for AMR infections are often inefficacious,
require high or frequent dosages, are associated with side effects, and may further exacerbate
AMR. Therefore, novel or alternative therapeutic strategies for the treatment of infections caused
by antibiotic-resistant bacteria are urgently needed.

The main aim of the present study was to investigate the antibacterial effects of biogenic silver
nanoparticles (AgNPs) synthesized using an aqueous Manihot esculenta (cassava) leaf extract, and
their potential as anti-AMR agents. Thus, the study focused on the green synthesis of AGNPs using
an aqueous cassava leaf extract (CLE) followed by the characterization of the synthesised CLE-
AgNPs and the assessment of its in vitro antibacterial activity. The CLE-AgNPs were successfully

synthesized and characterized.

The CLE-AgNPs demonstrated significant dose-dependent antibacterial activity against all six
human pathogenic bacterial strains tested in this study. The CLE-AgNPs exhibited both growth
inhibitory and bactericidal activity, with gram-negative bacteria being more susceptible to the
antibacterial action of the CLE-AgNPs compared to gram-positive bacteria. These findings suggest
that CLE-AgNPs may serve as a potential therapeutic agent for the treatment of bacterial infections

associated with AMR for both gram-negative and gram-positive pathogenic bacteria.

In conclusion, the green synthesis, characterization, and assessment of the antibacterial activity of
biogenic CLE-AgNPs were successfully performed, therefore, the aim and objectives of this study
were achieved. This study has proven the hypothesis that phytochemicals present in the aqueous
leaf extract from M. esculenta (cassava) may act as reducing, stabilizing, and capping agents in
the formation of AgNPs with antibacterial properties. The biogenic CLE-AgNPs with significant

antibacterial efficacy may be employed as a promising alternative strategy for the treatment of
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antibiotic-resistant infections associated with AMR. The CLE-AgNPs have the potential to be
applied in the biomedical field as a novel antimicrobial agent to eradicate the burden of AMR by
combating bacterial infections. Nanotechnology can reshape the world through major
revolutionary breakthroughs; some have already been made and others will continue to be made
for the betterment of all humankind. In the words of Bernard Marcus, “Nanotechnology in

medicine is going to have a major impact on the survival of the human race.”

4.2 Recommendations and future work

After the findings of this study were reviewed, it was evident that the CLE-AgNPs had vast
potential and that the other biological activities of the CLE-AgNPs should be explored. Further
investigations into the antibacterial activity of CLE-AgNPs tested against other medically
important bacteria with antibiotic resistance can be conducted along with the determination of the
antibacterial mechanism of action of CLE-AgNPs in each of these microorganisms that they are
able to exert an antibacterial effect on. Additionally, the in vitro and in vivo antibacterial,
antioxidant and anti-inflammatory activities of CLE-AgNPs should be evaluated. The cytotoxicity
of the CLE-AgNPs in mammalian cells should be investigated in order to determine whether they
can be used in further studies. Moreover, the wound healing potential of the biogenic CLE-AgNPs
should be assessed as there is great potential for AgNPs being used as aids in wound healing. The
long-term cytotoxicity and metabolism of the CLE-AgNPs should be considered as it is important
to understand how NPs function at a cellular level in order to avoid the possible adverse side
effects. It is imperative that more research is focused on the evaluation of the safety of
nanotechnology-based approaches. Long-term in vitro and in vivo biosafety and experimental
observations are essential as they play a key role in ensuring that innovative therapeutic strategies
are transferred into clinical practice and other stages of the drug development process (Okkeh et
al., 2021).

4.3 Limitations of the study

The present study had some limitations that need to be kept in mind when interpreting the findings
of this study. Some of the limitations include limited accuracy and time required. Limited accuracy
may refer to the equipment or machinery that may not have allowed the accurate collection of data,

for example, the use of a ruler in the measurement of zone of inhibitions in the agar well diffusion
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assays. The measurements may not be as accurate as it would have been had a different measuring
tool (e.g., caliper) been used. Lastly, more time would have allowed me to perform further studies
to understand the antibacterial mechanism of action of CLE-AgNPs and provide better insight into

how the CLE-AgNPs are able to exert an inhibitory and bactericidal effect on the microorganisms.
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